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Abstract 
Ultrathin ftlms of Cobalt, Iron and Manganese have been thennally evaporated 
onto an fee Copper (111) single crystal substrate and investigated using a variety of 
surface structural teclmiques. 
The small lattice mismatch between these metals and the Cu (Ill) substrate make 
them an ideal candidate for the study of the phenomena of pseudomorphic film growth. 
This is important for the understanding of the close relationship between ftlm structure 
and magnetic properties. Growing ftlms with the structure of their substrate rather than 
their bulk phase may provide an opportunity to grow materials with novel physical and 
magnetic properties, and hence new teclmological applications. 
Both Cobalt and Iron have been found to initially maintain a registry with the fee 
Cu ( 111) surface in a manner consistent with pseudomorphic growth. This growth is 
complicated by island rather than layer by layer growth in the initials stages of the film. 
In both cases a change in the structure of the fllm seems to occur at a point where the 
coalescence of islands in the ftlm may be expected to occur. When the film does change 
structure they do not fonn a perfect overlayer with the structure of their bulk counterpart. 
The films do contain a number of features representative of the bulk phase but also 
contain considerable disorder and possibly renmants of fee (Ill) structure. The order 
present in these fllms can be greatly improved by annealing. 
Manganese appears to grow with an fee Mn (111) lattice spacing and there is no 
sign of a change in structure in films of up to 4.61 ML thick. The gradual deposition and 
annealing of a film to 300 °C, with a total deposition time the same as that for a 1 ML 
thick fllm, causes a surface reconstruction to occur that is apparent in a R30° (...f3x--l3) 
LEED pattern. This is attributed to the fonnation of a surface alloy, which is also 
supported by the local expansion of the Cu lattice in the (Ill) direction. 
Keywords 
Pseudomorphism; Thin Films; Surface Structure; X-ray Standing Waves; Medium 
Energy Ion Scattering; Surface Extended X-ray Absorption Fine Structure; Cobalt; Iron; 
Manganese; Copper Single Crystals. 
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Chapter 1 : Introduction 
Chapter 1: Introduction 
1.1 Overview 
Surface science investigations today are used within a wide variety of research 
areas, notably heterogeneous catalysis; corrosion of metals; electronic structure of novel 
semiconductor devices; magneto-optic data storage materials; thin ftlm coatings and 
general tribology, including adhesion and wear. These investigations are usually 
performed at a very fimdamental level on model systems under the most conducive 
experimental conditions, often in ultra high vacuum (UHV), using atomically clean, low 
index faced single crystals. Whilst these conditions do not reflect 'the real-world', the 
understanding at a fundamental level has to be clarified first in order to provide building 
blocks for solutions of a more practical nature. 
Of equal importance within the surface science arena is the ongoing development 
of the investigative techniques. As existing techniques become established the variety of 
systems that can be investigated often widens as the technique develops and its particular 
advantages, as well as its limitations, become more apparent. It is very rare in surface 
science investigations that a system can be solved using just one single technique, usually 
characterisation and structural analysis can only be completed by using a variety of 
methods. It is therefore important that new techniques or derivatives of old ones are 
developed. This is helpful in two ways, frrstly, more techniques improve the probability 
of solving complex systems and secondly, the validity of certain techniques can be 
judged allowing investigators to make an informed choice of which technique will be 
best for their particular experiment. 
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Over the last century the scientific understanding of the properties of materials 
has expanded to a point where materials can be produced to order and designed to fulfil! 
specific needs. The correlation between the properties of bulk solids and their structure 
has proceeded at a rapid pace [1], but much less is known of the same correlation 
between the properties and structure of ultrathin fJlms. 
A number of detailed studies have provided evidence for the close correlation 
between structure and magnetism for bulk materials and if this is also true for ultrathin 
fihns, they may provide the possibility to grow materials with novel magnetic properties. 
To fully exploit the possibilities of ultrathin films there is clearly a need to push the 
understanding of the mechanisms by which structure and properties are related to the 
same stage as that for bulk materials, and thin films of the 3d transition metals provide 
particularly good subjects for such studies. The ever increasing demands for new 
methods of information storage techniques has therefore lead to an enormous increase in 
the amount of research into the study of the magnetic properties of surfaces and thin fJlms 
(2]. Studies of thin films have also been extended into studies of magnetic multilayers 
which, with the property of giant-magneto resistance [3], are already showing promise for 
a number of new technological applications. 
Experimental [4] and theoretical studies [5,6] of the magnetic properties of bulk 
Fe provide a good example of how different structure can affect magnetic properties. 
Theory has predicted that fee iron should have nonmagnetic, ferromagnetic and anti-
ferromagnetic behaviour depending on the lattice spacing. To confmn the validity of 
these theoretical calculations it is necessary to produce fee iron with an enlarged lattice 
spacing at low temperatures. It is not experimentally possible to produce an expanded 
crystal lattice, so another methodology for producing metastable states is needed. 
Alloying is one method that has been widely used [7] but can have the drawback of an 
2 
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unwanted contribution by the properties of the second constituent in the alloy. Another 
possibility is the production of precipitates in a host material [8], different host matrices 
providing different structural modifications. The stmctural characterization of these 
precipitates is however no trivial matter. The final possibility is the growth of epitaxial 
thin fllms on single crystal substrates which provide the opportunity to grow novel phases 
of materials with structures characteristic of the substrate rather than that of the bulk 
phase of the film material. By using substrates with different lattice constants, different 
metastable states of the deposited material can be produced. The ongoing improvement in 
techniques for the determination of surface structure means that there are a wide range of 
possibilities for the characterisation of these films, and these coupled with various 
techniques such as magnetic dichroism or the magneto-optic Kerr effect can give a full 
description of the relation between structure and magnetic properties. 
To relate the magnetic and structural properties of these ultrathin films, it is 
important to confirm that the films have grown with the lattice spacing or structure of the 
substrate. Several of the 3d transition metals have been reported to grow 
pseudomorphically on Cu single crystals (further details of these studies can be found 
further on in this thesis at the start of each experimental chapter), and this thesis has 
endeavoured to experimentally investigate these claims for ultrathin films of Cobalt, Iron 
and Manganese deposited on a Cu (111) crystal using a number of surface structural 
techniques. 
1.2 Metal on metal epitaxy 
The orientated growth of one crystal upon another crystal, or epitaxy, had long 
been known before the term epitaxy was first spawned by Royer [9]. The orientated 
growth of crystals of the two minerals disthene and staurolite was, according to von 
3 
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Vultee [10], frrst reported in 1817. The study of epitaxy then remained within the domain 
of mineralogists for almost a century. 
The first epitaxial growth involving a metal was reported on in 1902 [11] but 
widespread work did not begin until the availability of high vacuum and electron 
diffraction techniques became more widely accessible some 30 years later. 
By the 1950's three major schemes of thin film growth had pushed themselves to 
the forefront. Nucleation theory allowed Volmer and Weber [12] to make the assumption 
that crystals grew from three dimensional nuclei on the substrate and that the relative 
number of nucleation sites and growth rate was determined by interfacial and surface 
energy. Stranski and Krastanov [13] carried out atomistic calculations for a singly 
charged NaCl type layer on a doubly charged NaCl (1 00) surface, which assmned that 
initially a pseudomorpltic doublelayer or a multilayer forms on top of which three 
dimensional crystals could grow with their natmal lattice constant. The final 
methodology of Frank and van der Merwe [14,15] was based on elasticity theory for a 
monolayer and layers of fntite thickness, and quantified the concept of critical misfit 
assuming a monolayer-by-monolayer growth. In the late 1950's these three descriptions 
of film growth were brought together by Bauer [16] in a thermodynamic consideration of 
the equilibrium of a crystal in contact with a planar surface of another crystal with which 
it does not interdiffuse, alloy, or form compounds. This study showed that all three 
modes of growth could occur, depending on the combination of surface energy, interface 
energy, and volume strain (which itself can be sometimes be incorporated in a thickness 
dependant interface energy). The three classifications of Volume-Weber (VM), Stranski-
Krastanov (SK) and Frank-van der Merwe (FM) have become widely accepted but do not 
cover, alloying, compound formation or multi-component systems and kinetic effects, 
4 
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which, over the progression of years, have been incorporated into the theoretical 
description of epitaxy. 
A common goal in epitaxial growth is the production of two-dimensional film 
structure with a particular orientation and crystallographic phase. This is usually best 
achieved by FM growth which will occur, according to Bauer's model, if: 
crr- cr, +cri+ a.< 0 (I) 
where crris the deposited fihn surface free energy, cr, is the substrate surface free energy, 
cri is the interface surface free energy and cr. is the strain energy. These growth kinetics 
can lead to a finite range of conditions over which FM growth can be achieved which can 
be altered by changing parameters such as substrate temperature, deposition rate or 
annealing the deposited fihns. All of these parameters therefore need to be monitored for 
a description of epitaxial fihn growth. 
1.3 Thesis Structure 
The aim of this thesis was to investigate the possibility of pseudomorphic growth 
of 3d transition metals on the fee Copper (Ill) surface using a nmnber of surface 
structural techniques. The experimental sections of the thesis have been divided by 
experimental system investigated. 
Chapter two summarises the background to the surface science techniques that 
were used in conjunction with the investigations reported in this thesis, brief descriptions 
of each technique are given in a context that is appropriate to the level in which they were 
used. 
5 
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Chapter three includes a description of the experimental facilities utilised during 
this thesis. Also included is a description of the experimental methods and how they were 
employed, ranging from crystal preparation through to computational curve fitting of the 
data. 
Chapters four to six describe the results obtained from the experimental studies of 
each system. Each of these chapters follows the same format, a brief literature review is 
followed by an experimental section for the particular technique, describing the 
preparation and characterisation of the system. Results are then presented along with 
conclusions for the technique, before a summary for that technique. This is repeated for 
each technique used before a fmal summary brings together the conclusions from each 
technique 
Chapter seven briefly smmnarises the fmdings of the previous chapters and gives 
a brief general overview. 
6 
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2.1 Introduction 
To characterise a surface for a surface science experiment information is 
required on the surface composition, the crystallographic structure and the electronic 
st111cture. This can be achieved using a munber of techniques. This chapter will deal 
briefly with the theory of both standard laboratory techniques, such as LEED, XPS 
and AES, as well as techniques that are less readily available such as, UPS, NIXSW, 
SEXAFS and MEIS. More detailed descriptions of these techniques can be fmmd in 
standard surface science texts [1-5]. 
2.2 Electron spectroscopies 
In electron spectroscopy an electron is emitted when an atom is initially 
ionised by a photon or electron. The energy of these emitted electrons in the solid is 
usually less than 2000 e V which means their mean free path is in the region of 5-20 
A. It can then be assumed that any electrons detected outside of the solid are from the 
first few surface layers, making any technique utilising information gained from the 
collection of these electrons surface specific. In this section the techniques of XPS, 
AES and UPS will be described. 
8 
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2.2.1 X-ray photoelectron spectroscopy (XPS) 
X -ray photoelectron spectroscopy, also commonly referred to as electron 
spectroscopy for chemical analysis (ESCA), is a widely used surface science tool 
capable of identifying elemental species present at a surface. A photoelectron is 
emitted in accordance with Einstein's equation: 
(2.1) 
Where EK is the kinetic energy of the electron, hv is the energy of the incident 
photon, En is the binding energy of the electron, e<!> is the work function of the 
spectrometer and R is a relaxation term. The distribution of photoelectrons with 
energy is commonly referred to as an energy distribution curve (EDC). Because of the 
differences in the binding energy of electrons within different atoms, the detected 
photoelectr9ns are unique to a specific element. En can easily be calculated and 
compared with tables of core level binding energies to determine both the emitting 
atom and the electronic shell involved. The surface sensitivity of the technique is not 
dependent on the penetration depth of the incident radiation, but on the probability 
that a photoelectron can escape from the surface without further energy loss. If a 
monochromatic X-ray source is chosen of a snitable energy, then photoelectrons can 
be produced in the energy range 0.1-1 ke V. In this range the mean free path of the 
photoelectrons without inelastic scattering events will be of the order of <1 0 A, which 
means the technique will be more sensitive to photoelectrons produced within <10 A 
of the surface than those produced from deeper in the sample. 
Quantification of XPS data can be achieved with the use of relative sensitivity 
factors that can be derived experimentally or theoretically for the particular 
9 
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instnunent in question. This allows surface compositions to be determined, detection 
limits for most elements in XPS are in the range -0.1 to 1%. With known 
photoelectron emission probabilities, the coverage can be calibrated by a peak height 
ratio between adsorbate and substrate. This subject will be discussed further in a later 
section. 
2.2.2 Auger Electron Spectroscopy (AES) 
Auger electron spectroscopy is perhaps the most commonly used surface 
analytical technique. The Auger electron process is an alternative to X-ray emission 
and occurs when a core atomic level is ionised by an incident electron or photon. The 
hole created in the inner shell is filled by an electron from a less tightly bound level, 
i.e. a valence electron, and either an X-ray photon is produced, or a second electron 
escapes to the vacuum with the remaining kinetic energy. This escape of a non-
radiative electron is known as an Auger transition. The kinetic energy of the emitted 
Auger electron is given by: 
(2.2) 
The process is illustrated schematically in Figure 2.1. 
Auger electron emission provided by core-level photoemission produces 
electrons of low kinetic energy, and therefore electrons which have small mean-free 
path lengths, making the process surface specific. The kinetic energy of the Auger 
electron is dependent purely on a combination of energy levels in an emitting atom, 
irrespective of the source of excitation, and therefore their detection can provide data 
10 
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on chemical composition. The detection of these Auger electrons outside of the solid 
provides chemical composition that is surface specific. The competing processes of 
Auger electron emission and X-ray photoelectron emission are only dominated by 
photoelectron emission when the initial core hole vacated is of an energy deeper than 
10 keY. 
Auger Electron 
KE = E3- E2 - E1 + R 
e Auger 
Incident 
photon or 
electron with 
enough energy 
to cause 
photoionisation 
Photoelectron 
KE = hv- E3 
e photoelectron 
I 
Figure 2.1 Schematic energy level diagram showing the process of Auger electron 
em1sston 
A well focussed, high intensity electron beam, usually in the energy range of 1 
- 5 ke V can stimulate the process. This kind of energy range is readily obtainable 
with standard laboratory electron gtms. 
Contaminant levels on the surface can be quantified by a comparison between 
the Auger electron intensities of substrate and contaminant peaks. However, AES 
11 
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does have a more significant role in quantitative surface analysis, for a more detailed 
explanation on this the reader is referred to [1,2]. 
2.2.3 Ultraviolet Photoemission Spectroscopy 
U1traviolet photoemission is a powerful technique for the investigation of the 
occupied electronic states of metals and their alloys [6,7]. The process involves the 
irradiation of a sample under vacuum with monoenergetic photons of energy hv. A 
full theoretical discussion of the photoernission process incorporates a quantum 
mechanical description of the complete process in which an electron is removed from 
an occupied state within a solid and deposited at the detector. A more common model 
for the interpretation of photoemission is the so called "three step model" [8]. This 
model breaks the photoemission process into three artificial steps: 
(i) Excitation of photoelectrons from occupied states \Vi with energy Ei, to 
unoccupied states \!If with energy Er. Tills is described by the " golden-rule" 
transition probability for optical excitation. 
(ii) Propagation of the excited photoelectron to the surface. The dominant process 
that reduces the number of electrons reaching the surface is electron-electron 
scattering. In the threshold region the scattering is dominated electron-phonon 
and electron-plasmon interactions. These inelastic scattering processes 
contribute to a continuous secondary electron background in the 
photoem.ission process. The probability of an electron reaching the surface is 
therefore dependant on the mean free path, 'A, of electrons within the solid. 
(iii) Transmission of the electron across the surface into the vacuum. Transmission 
across the surface leaves the component of the photoelectron parallel to the 
surface unchanged (see Figure 2.2): 
12 
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ktr = k" + G" (2.3) 
where k11ex is the parallel component of the photoelectron wave vector outside the 
solid, k11 is the parallel component of the photoelectron wave vector within the solid, 
and G11 is a reciprocal lattice vector in the plane of the surface. Because of the 
difference in potential energy inside and outside of the solid, the electron is 
decelerated on crossing the surface and therefore k.t, the component of the 
wavevector normal to the surface is not conserved. The perpendicular component of 
the wavevector outside of the solid, k.t ex, is determined by the requirement for 
conservation of energy: 
(2.4) 
z 
vacuum 
k.l ex 
k 
crystal 
Figure 2.2 Schematic of conservation of k11 upon transmission of emitted 
photoelectron through the surface. 
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Wave vectors parallel and perpendicular to the surface for the photoelectron 
can also be determined from known experimental parameters: 
(
2mE )~ k/1 = 7 sine (2.5) 
(
2mE ) }~ 
k_L= 7 case (2 .6) 
where e is the angle between the nonnal to the surface and the direction of emission. 
When the photoelectron has escaped into the vacuum it can then be detected by an 
electron energy analyser. The electrons released have a kinetic energy Ek, so by 
consetvation of energy: 
(2.7) 
Where e~, the sample workfunction, is equal to the difference in energy between the 
vacuwn level, Evac, and the Fenni level, Erenni, which, in the case of a metallic sample 
can be determined by the upper onset of emission. 
There are three experimental modes in which photoemission spectra can be taken: 
(i) Electron energy distribution curves (EDC), where the photon energy is held 
fixed and the detected photoelectron kinetic energy is varied . This is the mode 
in which X-ray photoelectron spectra are generally taken. 
(ii) Constant initial state (CIS) spectra, where the photoelectron kinetic energy 
and the incident photon energy are varied synchronously while maintaining a 
14 
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constant energy difference between the two. This makes possibJe the 
monitoring of emission from the same initial state to varying final states. This 
can be used to highlight resonance effects. 
(iii) Constant final state (CFS) spectra, where the incident photon energy is varied 
and the detected photoelectron kinetic energy remains constant. 
2.3 Low Energy Electron Diffraction (LEED) 
LEED [1 ,2] is a swface structural technique that, in its most basic fonn, can 
gJVe information on the symmetry of the atomic periodicity at a swface. The 
adsorption site can occasionally be detennined by a simple comparison of LEED 
pattern observations with models, however a LEED intensity-voltage (J(V)) anaJysis 
is usually required to alJow a fuiJ detennination of the structw-e. 
Diffraction of backscattered electrons is possibJe as a consequence of the de 
Broglie relation: 
A =hip (2.8) 
where h is Planck' s constant, A is wavelength and p is momentum. For an electron 
this expression becomes: 
A= (150.4/E) 112 (2.9) 
where E is the energy of the electron in e V and A is its wavelength in A From this 
equation it can be seen that diffraction events caused by scattering from atoms will 
15 
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occur when the incident electron energy is of the order of 10-100 e V. It is the short 
mean free path of electrons of th.is energy that makes LEED surface specific. 
Electrons that are elastically backscattered from atoms arranged on surface planes 
will give rise to a Fraunhofer diffraction pattern that is the Fow·ier Transform of the 
surface atom arrangement. For a 3D periodic structure conservation of energy dictates 
that for an elastically scattered electron with an initial wave:fi.mction k0 and scattered 
wavefunc6on of k, that: 
(2.10) 
and if the reciprocal lattice vector is ghkl where: 
gbkl =ha'+ kb' + le' (2 .11 ) 
and a' , b', and c · are the primi6ve translation vectors of the reciprocal lattice 
calculated from the primitive translation vectors of the real space lattice, then 
conservation of momentum gives: 
k = ko + ghkl (2.12) 
which is a representation of Bragg's law. This gives rise to a picture in which the 
diffracted beams are represented by the points of the reciprocal lattice (hkl), and the 
spatial location of these points can then be related to the lattice in real space. A 
graphical representation of this is provided by the Ewald sphere construction which is 
shown superimposed on the reciprocal lattice (Figure 2.3) . The radius of the sphere is 
governed by the incident electron energy and where the sphere intersects reciprocal 
lattice points, identifies the planes that are in the Bragg condition. A vector ki is 
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drawn to terminate at the origin of the reciprocal lattice, and then a sphere of radius ki 
(2rr/'A), is drawn about the origin of ki. Where the sphere passes through reciprocal 
lattice points a line can be drawn from the centre of the sphere to that point, and this 
will represent a diffracted beam kr. Any of these points can then be connected to the 
point at which ki tennillates by a reciprocal lattice vector g bkJ· 
hkl 
(000) 
Figure 2.3 Ewald sphere construction for bulk diffraction. 
For diffraction involving only the surface, the system is only periodic in two 
rather than three dimensions. This means, as previously mentioned for UPS, that 
though the conservation of energy given by equation (2.10) remains true, k.t is not 
conserved and the situation for conservation is the same as in equation (2 .3). In two 
dimensions: 
ghk = ha* + kb* (2.13) 
where the reciprocal lattice vectors are related to those in real space by: 
17 
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a* = 2n (b x n)/A b* = 2n (n x a)/A A = a.b x n (2.14) 
where n is a unit vector nonnal to the surface, A being the area of the surface mesh, 
rat11cr than the three dimensional case, where V is the volume of the wilt cell, giving: 
a* = 2n(b x c)N b* = 2n ( c x a)N 
V = a·b x c 
c* = 27t(a x b)N 
(2 .15) 
For the 2-D case the Ewald sphere construction is modified. The reciprocal lattice in 
Figure 2.3 instead of containing points on the reciprocal net contains inftnite " lattice 
rods", perpendicular to the sw'face passing through the reciprocal lattice points 
(Figure 2.4), and the diffraction conditions are governed by a reciprocal net vector 
with two components (hk) . 
30 20 10 00 1 0 20 30 
Figure 2.4 Ewald sphere construction for two dimensional surface diffraction. 
The dashed lines correspond to diffracted beams that propagate into the crystal and 
are not backscattered. These occur as there are now two diffracted beams associated 
18 
Chapter 2: Swface Science Techniques 
with each lattice rod (hk), of which only half are backscattered out of the crystal. The 
backscattered, diffracted electrons can then be detected on a phosphor coated screen, 
and the pattern formed will represent the surface reciprocal net. The elastically 
backscattered electrons are selected by the use of two hemispherical nested grids. A 
retarding potential difference is created between the grids allowing only elastically 
scattered electrons of the desired energy to pass through. A fluorescent screen is 
nested behind the second grid and held at a large positive potential. Electrons are 
therefore accelerated towards the screen, and they strike the screen exciting its 
phosphor coating. Intense, well-focused spots on a dark background on the LEED 
optics indicates an amount of long-range surface order, and individual patterns can be 
identified with particular crystallographic directions. It is also possible to obtain the 
surface reciprocal net of layers adsorbed on the surface. The symmetry suggested by 
the LEED pattern is not necessarily the actual symmetry of the surface, LEED will 
average over any domains that are present. This may present a higher degree of 
symmetry than actually exists on the surface. 
2.4 Surface Structural Techniques 
Knowledge of the local adsorption sites of adsorbates on single crystal 
substrates is of great importance in surface science. Diffraction based techniques rely 
on long range order at the surface, whereas other techniques such as XSW, SEXAFS, 
and ion scattering can probe structures with only short range order. The basic theory 
of SEXAFS, MEIS and XSW will be presented in the remainder of this chapter. The 
theory of XSW will be presented in sbghtly more depth than the other techniques as it 
has been used in all of the investigations included in this thesis, and will include a 
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included in this thesis, and wiU include a description of the non-dipole effects 
associated with the detection of photoelectrons within the technique. 
2.4.1 Surface extended X-ray absorption fine 
structure (SEXAFS) 
Surface extended X-ray absorption fine structure is a synchrotron radiation 
based surface science teclmique that can elucidate bond lengths as well as adsorptjon 
sites of atoms or molecules on a surface and, unlike diffraction techniques, has no 
requirement for long range order (9, 1 0] . 
When the X-ray absorption cross section of an element is measured as a 
function of increasing photon energy, then characteristic absorption edges can be 
observed corresponding to transitions from core states of the atom to unoccupied 
states above the Fenni level. lt is possible to tune in to a specific absorption edge for 
a chosen element by varying the photon energy accordingly, thereby making the 
infonuation obtained specific to that particular element. The X-ray absorption cross 
section decreases gradually with increasing photon energy, there are also modulations 
in the cross-section caused by modification of the final state of the electron by 
surrounding atoms. These modulations caused by the surrounding atoms conta in 
infonnation on the local structure around the absorbing atom. X-ray absorption fine 
structure has two regimes, X-ray absorption near edge structure (XANES), which is 
concerned with structure close to the absorption edge, and extended X-ray absorption 
fine structure (EXAFS) which continues from the end of the XANES region to 
hundreds of e V above the adsorpbon edge. At lower photon energies near the 
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adsorption edge (within the XANES region) tbe final state of the electron lies in close 
proximity to the Fermi edge and is strongly affected by the electronic band structure 
of the material and also multiple scattering of the emitted electron. At higher photon 
energ1es (witlJin the EXAFS region) the behaviour of the photoelectron is free 
electron like because of its higher kinetic energy. In this energy region the 
waveft.mction of the photoelectron is scattered by neigbbowing atoms, which 
modifies its amplitude due to interference, giving information on the structure and 
short-range order around the emitting atom. 
The probability of the transition that gives rise to the absorption process is 
given by the golden rule : 
cr - I( f !HI i )12 (2.16) 
where I i ) is ilie initial electron state, ( f I is the final electron state and H is a dipole 
operator. The initial state is usually a core level and highly localised so it is only 
modifications in the final state which will have a noticeable affect on the transition 
probability. The outgoing photoelectron wavefunctioo is scattered by neighbouring 
atoms resulting in intetference between the outgoing and scattered waves. The phase 
difference at the emitting atom due to scattering from an atom a distance r away will 
be 2kr where k is the magnitude of the photoelectron wavevector. Therefore the 
modulation of the transition probability will be periodic in 2kr. If the phase shifts due 
to the potentia1s of the absorbing and scattering atoms are taken into account, then 
analysis of the frequency of EXAFS modulations will reveal the separation of the 
absorbing and scattering atoms. This can reveal both the spacing and number of 
nearest neighbour atoms which will be characteristic of the surrotmding film 
stmcture. 
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2.4.2 Medium Energy Ion Scattering (MEIS) 
Medium Energy Ion Scattering (MEIS) [1 ,2,4,5) is a technique based on 
classical Rutherford scattering, that can provide quantative information on surface 
structure and composition. Experiments can be perfonned in an energy range between 
50- 500 keV which can give a depth resolution ofbetween 3-10 A. 
For an elastic collision between two objects one of mass m1, travelling at 
velocity v1, that is scattered through an angle e, and one of mass m2 at rest (see Figure 
2.5), then the kinetic energy of the atom of mass m, after the collision will be: 
(2 .17) 
Where k2 is given by: 
[(m
2
- m
2 
sin 2 8)112 +m cos8]
2 
k2 = 2 I I 
m2 +m, 
(2. 18) 
For a particular scattering angle the probability density for ion scattering is given by: 
(2.19) 
Where F is a screening factor, and g(e, m 1, m2) is a multiplication factor that relates 
the transformation from centre of mass to laboratory frames. It can be seen from 
equation (2.1 9) that the ion scattering cross section is known to a high degree of 
accuracy, wlllch allows ion scattering to be a quantitative technique. 
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mz, Zz 
Figure 2.5 An ion of mass m~, atomic nwnber z1, velocity v1 and energy Et, is 
scattered through an angle 8 by an atom of mass m2 and atomic number z2 that is 
sitting at rest. 
In a typical MEIS experiment ions of It or He+ are incident on a sample 
along a known crystallographic direction. Ions undergo elastic scattering at the 
surface and the energy loss of the ion will be directly related to the mass of tl1e atom 
with which it collides, and is also strongly coupled to the scattering angle as can be 
seen from equation (2.17). By detecting the energy loss of the ion at a particular angle 
it is therefore possible to determine the mass and tl1erefore identity of the elements 
present at the surface. As the ion beam penetrates into the solid its energy is 
attenuated by inelastic interactions with tlle electrons of the solid. This energy loss is 
directly related to ilie ions path length in the solid and will differ depending on the 
composition of the sample. Tables of these relative "stopping powers" for ions of 
different species in all elements have been tabulated [11]. For fue typical layer 
tllicknesses investigated by MEIS it can be assumed iliat the inelastic energy losses 
are small enough to be represented by one constant value before backscattering and 
another constant after backscattering. This gives a means of obtaining deptl1 
resolution through monitoring inelastic energy loss, which in favourable cases can 
discriminate down to around 0.3 ML. 
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If the ion beam is directed along a specific crystallographic axis, then only the 
atoms in the surface will be in the line of sight of the beam. Atoms further down into 
the solid will be "shadowed" by the atoms in the surface (see Figure 2.6), so will not 
be visible to the ion beam. This fact can be used to illw:ninate atoms in the first, 
second or third atomic layers, depending on requirements, where backscattering out 
of the surface can occur. This gives the technique of MEIS surface specificity. If ions 
undergo a small angle collision with atoms that are slightly below the surface they 
can be scattered away from the atomic rows and deep into the solid without 
undergoing a large energy loss scattering event. This effect is known as 
"channelling" . The ions that undergo "channelling" will eventually be backscattered 
out of the sample but will have undergone inelastic energy losses related to their path 
length, as explained earlier. This means that they will be of lower energy than ions 
scattered elastically at the surface. When an ion is scattered from somewhere below 
the surface it may find its route back out of the solid blocked along major 
crystallographic directions by atoms closer to the surface. Tllis effect is known as 
"blocking". By exploiting both blocking and channelling effects it is possible to 
investigate the detailed atomic stmctw-e ofbotb the surface and interface regions. 
If tl1e energy of the scattered ions is measw-ed along a range of incident and 
detection directions, then a plot of detected ion energy against scattering angle will 
give an effective depth proftle of the sample. Tlus will contain details on which 
crystallographic directions are blocked and from which directions ions can freely 
escape to the surface after scattering. If taken at a fixed collection angle the plot will 
also contain a surface peak due to the difference in energy of elastically and 
inelastically scattered ions. The plot of detected ion energy against scattering angle 
can then be converted to a plot of ion intensity against scattering angle. This can be 
done for specific sections of the detected energy versus scattering angle plot, which 
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Figure 2.6 Schematic of possible scattering geometries for Medium Energy Ion Scattering. 
Atoms in the surface layers can cause a shadow cone which prevents atoms lower down in 
the surface from "seeing" the ion beam. An adlayer will alter the geometries in which the 
scattered ions are blocked on their way out of the surface. This can be utilised in a scan of 
scattered ion intensity versus scattering angle to obtain information about the surface 
structure. 
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aJlows the experimenter to look at the crystallographic structure in particular 
subsurface areas in the sample or adlayer. Because the differential ion scattering cross 
section in equation (2.19) is so well known, and because the elastic and inelastic 
energy losses are relatively straightforward to calculate for a particular ion-target 
combination, an intensity versus scattering energy plot can also be calculated 
theoretically for various stmctu.res and compared to experimental results. 
2.4.3 The Normal Incidence X-ray Standing 
Wavefield (NIXSW) 
2.4.3.1 Basic Principles 
The technique of X-ray Standing Wavefield analysis is based on diffraction in 
the sub-surface and bulk of a crystaJ and yet, unlike most diffraction techniques, 
which necessarily rely on long range order, does not need long range order to probe 
local adsorbate registry. Batterman first described the XS W tecbn ique in 1964 [ l 2] 
and the theory of the technique of the X-ray Standing Wavefield has since been 
docwnented by several authors [13-22] in a mathematically rigorous fashion. In 1986 
Woodruff et a/ [23] expanded the potential of the XSW technique by using specific 
experimental conditions which alJowed investigations to be carried out on metal 
crystals with some degree of mosaic structure. Because of the particular angular 
dependence exploited this extension of the technique is known as the Nonnal 
Incidence X-ray Standing Wavefield (NlXSW). This has allowed the technique to be 
used to investigate adsorbate systems on metal single crystals, e.g. Cu, Ni, A1 [24-3 1] . 
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An X-ray standing wavefield is set up m a crystal by tl1e constructive 
interference between an incident wave, and a wave Bragg reflected from the 
scattering planes. The periodicity of the intensity of this standing wave is equal to the 
spacing of the equivalent scatterer planes for a first order diffraction event. It should 
be noted that this standing wave extends to a depth of several microns within the 
crystal and also extends well beyond the surface of the crystal, so atoms adsorbed at 
the surface are still within the wavefield. In the simple case of a single diffracted 
beam and a non absorbing crystal, this reduces to the classical two beam interference 
problem, with the intensity varying as Io( 1 ± l i , wl1icb gives between zero and four 
times the intensity of the incident beam. A full dynamical analysis of tile diffraction 
[12], which takes account of the attenuation of tbe incident X-ray wavefield as it 
penetrates the crystal, and flux removed through backscattering out of tbe surface, 
shows iliat the fmite penetration leads to a finite range in incidence angle or 
wavelength over whicb total reflectivity is obtained, and the standing wave is 
produced. This fmite range over which the standing wave exists is represented by tile 
Darwin curve (see Figure 2. 7) Wiiliin this range, the phase of the standing wave shifts 
in a systematic way relative to the scatterer planes by half the bulk layer spacing. As 
the standing wave moves through the crystal the atoms adsorbed at the surface will 
experience a difference in X-ray intensity as they pass through the nodes and 
antinodes of the standing wave. By monitoring the difference in absorption of X-rays 
by the adsorbed atoms as the standing wave moves through the crystal it is possible to 
deduce the location of the adsorbing atoms or molecules relative to the extended bulk 
scatterer planes. This is the basic measurement of the XSW method, the X-ray 
absorption of the adsorbate can be monitored via photoelectron emission, Auger 
electron emission or X-ray fluorescence as the incidence angle or energy is scanned 
through the Bragg condition. 
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The technique of XSW has been largely restricted because of the experimental 
requirements. As previously mentioned there is a finjte angular or wavelength range 
over which a standing wave can be achieved . The angular width for experiments 
carried out in the hard X-ray region (hv ~ 15 keY), which are therefore carried out at 
incident angles well removed from normal, is typically of the order of a few seconds 
of arc. Tills leads to the requirement for a very monochromatic, well collimated, X-
ray source, and a very accurate goniometer. Because of the small angular range onJy a 
small degree of c1ystal mosrucity can be tolerated, hence a preference for experiments 
on semiconductor materials which display a high degree of crystal perfection. 
Standard metal single crystals do not posses this high degree of perfection and will 
have a mosaicity that is large compared with the angular width of the Darwin curve 
thereby swamping the standing wave affect. 
To overcome the problems associated with the experimental constraints of 
XSW it is possible to use softer X-rays and an incidence angle that is nonnal to the 
Bragg reflecting planes of the crystal [23] (it should be noted that the incident X-ray 
is normal to the scattering planes not the surface of the crystal). The modified 
experimental requirements also allow the experiment to be carried out on synchrotron 
bearnlines that have been previously designed to carry out SEXAFS experiments. 
Because the Bragg condition: 
n/... = 2dsin8 (2.20) 
is relatively insensitive to change when e = 90°, and the gradient d(sin9)/d9 = 0, then 
the width of the Darwin curve changes from a few seconds of arc to up to around ( 
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which allows a level of mosaicity in the substrate crystal of around 0.5· without 
significantly effecting the experiment. Mosaicity of this level or below is readily 
obtainable in metal crystals produced by standard methods. In NIXSW the 
experiment is generally carried out by scanning in energy rather than angle which 
removes the need for a high precision goniometer. 
As previously mentioned the basic measurement of the XSW process is the X-
ray absorption of the adsorbate, which is monitored by photoelectron emission, Auger 
electron emission or X-ray fluorescence as the incidence angle or energy is scanned 
through the Bragg condition. Analysis of tl1e X-ray adsorption profiles obtained give 
a coherent position Cp, which is a measure of the position of the adsorbate atom 
relative to the scatterer planes, and a coherent fraction Cr, wruch is a measure of tlle 
percentage of the atoms sitting in this position. By setting up a standing wave at more 
than one set of scattering planes, for example the ( 11 1) and ( T 11) of an fee crystal, it 
is possible to triangulate the position of the adsorbate atom and ascertain a full picture 
of its registry on the crystal surface. 
2.4.3.2 X-ray Standing Wavefield theory 
The theory of the XSW technique will be described here m a less 
mathematical manner than is generally presented in the literature, rather in the 
manner of Woodruff et al. [23] while retaining a fonn that is pertinent to the actual 
conditions encountered during the experimental work that is presented in this thesis. 
Tbe intensity of the standing wave at a particular spatial location, taking the 
incident amplitude as unity and assuming a-polarisation (i.e transverse), is defined: 
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I = l l + (EHIEo)(exp(-2niz/dH)) 12 (2.21) 
Where E1-11Eo is the amplitude of the scattered electromagnetic wavefieJd relative to 
the incident wavefield, z is the spacing relative to the extended bulk scatterer planes, 
d11 is the spacing of the extended scatterer planes where the suffix H denotes the 
indices of the reflection . 
EH/Eo, the scattered X-ray amplitude, is determined by the geometrical 
structure factors FH and FA for the reflections defined by Hand -H: 
(2.22) 
where 11 is a measure of the displacement from the midpoint of the Darwin Curve of 
the scattering conditions, and can be represented in terms of either angular 
displacement or difference in energy from the Bragg condition. [n NIXSW 
experiments the energy is scanned rather than the angle, so in terms of energy 
deviation, tili: 
(2.23) 
where Pis a polarisation factor (cr-polarisation for NIXSW, and therefore unity), and 
Fo is the structw·e factor for the (000) reflection and f is: 
(2.24) 
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where V is the volume of the unit cell , e and m the charge and mass of an electron, Eo 
is the pennitivity of free space and c is the speed of light. 11 ranges between ±1 which 
describes the energy range of total reflectiv1ty for a non-absorbing crystal. This 
energy range can be ascertained by rearranging equation (2.23): 
(2 .25) 
This region of total reflection is slightly offset from the kinematic Bragg condition: 
E1-1~ = .JR exp(i<p) (2.26) 
Where R and <p are functions of photon wavelength or i11cidence angle. Replacing 
EH/Eo in equation (2.21) then gives: 
I = 1 + R + 2../R cos( <p - 2nd! Cp) (2.27) 
for a single position. However for a real surface there wilJ be a dist:Iibution of 
possible sites, due to static or thermal disorder, or several discrete sites. This can be 
represented by a normalised distribution of z values, where the probability of a 
particular value is gjven by j(z)dz. The XSW profile can then be given by: 
rdl' I = 1 + R + 2../R Jo j(z)cos(<p - 2nzldh)dz (2.28) 
This expression can also be written in terms of a coherent position, Cp, and a coherent 
fraction, Cr, as mentioned earlier: 
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l = 1 + R + 2 Cr./R cos( <p - 27tCJ>"dh) (2.29) 
The coherent position and coherent fraction can be related to the actual position 
distribution using: 
r"" Crexp(27tiC!>"dh) = Jo f(z) exp(27tizJdh) dz (2.30) 
In NIXSW the photoelectron emission and Auger electron emission are 
usually monitored. A problem can arise in photoemission detection however, due to 
its angular dependence, which can, under certain circumstances, lead to differences i.n 
measured intensities from the incident and reflected X-ray components. This is 
particularly apparent when the direction of propagation is normal to the scatterer 
planes and the detector necessarily detects electrons in the "backwards" direction 
relative to the incident photon propagation. The dipole approxima6on for the 
photoemission process assumes that the photoemitted intensity at a given angle is 
independent of the direction of photon propagation i.e. in the "forwards" or 
"backwards" direction. The matrix element describing tbe probability of photon 
excitation is: 
(2.31) 
where k is the photon wavevector, r is the electron position vector, E is the photon 
polarisation and p is the electron momentum operator. The exponential part of the 
matrix element can be described by the Taylor expansion: 
exp(i.k· r) ~ 1 + i.k•r - ( k·r)2/2 + .... , (2.32) 
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and in the dipole approximation all terms except the first are discarded. This is 
appropriate for low photon energies, less than about 1 .5 ke V when k·r « 1, although 
at much higher photon energies the higher terms in the series become significant. In 
this dipole approximation the angular distribution of the total cross-section, from a 
randomly oriented sample in a linearly polarised photon beam is: 
dcr/dQ = (cr/4n) [1 + f3(3cos28 - 1)/2] (2.33) 
where e is the angle between the pbotoeJectron errussion direction and g (Figure 2.8), 
f3 is the asymmetry parameter that can take various values between - 1 and 2. Tllis 
expression is symmetric in both the forward and backward photon propagation 
directions. Going beyond the dipole approximation and including the second tenn in 
the expansion of exp(i.k·r) leads to tl1e inclusion of terms for the magnetic dipole and 
quadrupole contributions, the angular distribution can then be parameterised in the 
fonn: 
dcr/dQ = (cr/4n) [1 + f3 (3cos20- 1)/2 + ( () + y cos20) sin0 cos<!>] (2.34) 
which introduces two additional asymmetry parameters o and y. <!> is the angle 
between the photon propagation direction and the projection of tl1e electron 
wavevector in the plane perpendicular to g. The term containing this angle introduces 
the backward/forward asymmetry in the photoemitted signal relative to the direction 
of propagation. In NIXSW, the forward photon direction to the analyser (photons 
being reflected) is described by $ = oo (cos<!> = 1) and the backward direction 
(incident photons) described by 4> = 180° ( coslj> = -1). The effect this has on the 
photoemission can be calculated [32], the electron ejection probability patterns for an 
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initial s-state in both forward and backward photon directions for the pure-dipole 
approximation and the electron ejection probability including the first order 
correction described by the previous equation are shown in Figure 2 .9. An initial s-
state has ~ = 2 and o = 0 so that only electric-quadrupole contributions modify the 
pure-dipole case. For forward and backward photon directions the angular 
distribution can be given as: 
do'/d.O. ' forward ' = (o/4n) [Jcos20 + ycos29sin9) 
dcr/d.O. 'backward' = ( cr/4n) [ 3cos28 - ycos28sin8 ) 
(2 .35) 
(2.36) 
The quadrupole tenn has the effect of transferring momentum from the photon 
to tJ1e photoelectron, which bends the angular distribution towards the direction of the 
photon beam, for y > 0. The addition of the quaclrupole conditions has severe 
consequences for the N1XSW case if the value of y is significant, in the region away 
from the Bragg condition the detected photoelectron intensity will be less than that 
expected from a pure-dipole approximation. Within the Bragg condition the reflected 
photon beam ' bends' tJ1e angular distribution towards the analyser, thus enhancing the 
detected intensity. Hence, within this region the combination from both forward and 
backward travelling X-rays, changes the angular distribution of the emitted electrons 
away from the case of a photon travelling in a single direction. Note that, if R= 1 the 
distribution in the Bragg region would be the same as that of the pure-dipole case. In 
this case the measured intensity in the regions away from the Bragg condition, 
produced by the incident beam only, will appear to be suppressed in comparison to 
the measured intensity within the Bragg condition. As this measured intensity, away 
from the Bragg condition, is normalised to unity in NIXSW analysis the non-dipole 
contributions will have the effect of enhancing the intensity of the NIXSW profile 
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within the Bragg condition resulting in an incorrect measurement of the photo-
absorption. 
To compensate for the non-dipole effects within the analysis, a modification 
to the standing wave intensity expression is needed, which includes an accurate 
account of the non-dipole induced asymmetry. The forward/backward ratio of the 
photoemission cross sectional angular dependence can be expressed as : 
[1 + {(o + y cos 2 B) sin B + f3(3cos2 B - 1)12}] = f(1 + Q) I (I _ Q)] (2.37) 
[1 - { (o + y cos 2 B) sin B + /3(3 cos2 B - 1) I 2} J 
Here the asymmetry terms are expressed by the parameter Q, which is referred to as 
the forward/backward asymmetJy factor. Q is a function of p, 8, y and e and can have 
a range of values between ± 1. Clearly Q = 0 corresponds to the pure dipole case, 
while, when Q :;:. 0, it reflects the magnitude of the asymmetry in the photoemission. 
Separating out the backward/forward asymmetry from the matrix element, the 
differential photoemission cross-section measured in a NIXSW experiment can be 
written as : 
(2.38) 
On expansion this can be summarised as: 
dQ I dcr cc 1 + R(l+Q) I (1-Q) + 2v'R/ co((l +Q) I (1-Q)) 112cos(a- 2nDidH) (2.39) 
Tlus modified expression can be used in the NIXSW fitting routine. The 
equation shows that, for positive values of Q the reflectivity terms are enhanced 
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relative to the nonnal NIXSW expression (Q=O), typically leading to a more intense 
modulation. Fitting such a profile without including the Q correction would tend to 
lead to a coherent fraction that is higher than the true value and may aJso cause a 
deviation in coherent position, however, the extent of this effect varies on the shape 
of the particular NIXSW profile in question. The values of J3, ()and y, as a function of 
electron energy and photon energy, have only been calculated for the noble gases and 
as yet there are no publ.ished values for any other elements. The logical step to the 
determination of Q values is by a direct measurement, and two possible methods for 
this direct measurement exist. Firstly fitting an experimental NTXSW profile of 
known structtu·a1 parameters with various values of Q until the best fit is achieved. 
Disordered multilayers or adsorbed amorphous layers should have zero coherent 
fractions and this may present a simple solution. The second possibility is adjusting Q 
to fit experimental NIXSW profiles generated by pbotoemission intensities that 
contain stntctural parameters obtained by fitting NTXSW profiles from measurements 
of the associated Auger electron intensities. As Auger electron emission is a 
secondary process, with no memory of the incident photon direction, structural values 
obtained in this case are not influenced by non-dipole excitations. The two methods 
do have disadvantages. In the fust case, one has to be sure that the fixed structural 
parameters in the fittings are correct and in the second method tJ1e Auger NIXSW 
profile must be of good signal-noise quality. 
Auger electron emission intensities do not suffer from tl:Us problem but have 
their own limitations stemming from the fact that they involve a secondary process. 
For high energy Auger electron emission peaks the majority of core-holes involved in 
the Auger process will arise fi·orn the photo-absorption of the X-ray standing wave. 
However, core-ionisation can also be affected by bigh energy photoelectrons (and 
associated i.nelastically scattered electrons) excited in the substrate, so the measured 
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absorption profile will be corrupted by a small amount of the substrate signal. This 
effect is typically only important for rather low energy Auger peaks for which the 
number of inelastically scattered electrons having sufficient energy for the core-
ionisation is larger. 
2.5 Summary 
A wide range of surface science techniques have been discussed. In any 
surface scjence investigation it is very rare that one technique will suffice to 
successfully characterise an experimental system. Therefore techniques need to be 
chosen carefully so that their particular advantages are complementary rather than 
simply reproducing the same i.nfonnation. Between them the techniques outlined 
provide a means of characterising the constituent elements present in a surface and 
also a means to investigate the registry of adatoms wjth the surface, and the structtlfe 
offJ.lms ofadatoms at various stages of the fi lm growth. 
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3.1 Introduction 
The experimental work that has been carried out in this thesis has been based 
on a nwnber of experimental stations at the Daresbmy Laboratory Synchrotron 
Radiation Source (SRS) in Cheshire. Experimental work has also been carried out on 
the UK's Medium Energy Ion Scattering Facility, which is also based at the 
Daresbury Laboratory. This chapter wiU give an outline of the experimental facilities 
used. The chapter will also contain a description of the sample preparation methods, 
means of thin fiJm deposition, calculations used to ascertain the thickness of 
deposited films, which is of crucial importance when trying to obtain surface 
structure, and a brief description of bow experiments were carried out for various 
techniques. 
3.2 Experimental Facilities 
3.2.1 The Daresbury Laboratory SRS 
The Daresbury Laboratory [1) is the home of a 2 GeV second generation 
synchrotron source. Bremsstrahlung radiation is emitted tangentially to the orbit of 
electrons maintained in a circular orbit by a magnetic field . This radiation has a 
vertical divergence of the order of 1 mrad and is linearly polarised in the horizontal 
plane. A 12 MeV linear accelerator injects electrons into a 5.06 m radius booster 
synchrotron where they are accelerated up to an energy of 600 MeV by 0.786 T 
39 
Chapter 3: Experimental Techniques 
magnets with a bending radius of 2.55 m. A beam current of around 20 rnA is 
maintained in the booster which consists of around 53 electron bunches. The 
electrons are then extracted and injected into a storage ring of radius 15.28 m, with 16 
x 1.2 T bending magnets separated by straight sections, until a beam current of 
around 250 mA is attained. The energy of the electrons is then ramped to 2 Ge V by 
increasing the field strength of the magnets. The storage ring can contain up to 160 
electron bunches (in multi-bunch mode), each bunch being 0.18 ns (FWHM) with a 
repetition rate of 500 MH:z, giving a 2.0 ns bunch spacing. Radio-frequency cavities 
are employed to replenish energy lost from the beam by emission of electromagnetic 
radiation. The storage ring operates under a pressure of < 10-9 mbar, but will still 
experience energy loss from the beam due to coll isions with residual gas molecules 
causing electrons to be scattered out of the orbit of the beam. This causes a gradual 
decline of the beam current with time and as a consequence the storage ring needs to 
be refilled with a new beam at least once a day. 
3.2.1.1 Beamline 6.3 
Beamline 6.3 [2,3] of the Daresbury SRS is utilised to perform experiments 
using the techniques of SEXAFS, NEXAFS, Photoelectron Diffraction and NIXSW. 
These experiments can be performed in the available soft X-ray energy range between 
1745 eV - 7000 eV. Photons are produced at each of the storage ring's bending 
magnets with a broad continuum of photon energies. The photons provided by 
bending magnet number 6 are first conditioned by a pair of thick copper jaws and a 
set of vertical apertures. They are then stripped of their UV component by a set of 
carbon foils, and are then incident on a gold coated, silica glass, cylindrical pre-
focusing mirror bent into an approximately toroidal shape. This produces a collimated 
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beam of approximately 5mm2 cross-sectional area. The beam is then passed through a 
double crystal monochromator consisting of one of a choice of three sets of crystal 
pairs, InSb(lll), Ge(111) and Ge(220). It is these three sets of crystal pairs that 
determine the available energy limits of tuneable, monochromatic soft X-rays of 
between 1780- 7000eV, and provide a resolving power (E I L\E) of 500-2000. 
The beam is then passed into another chamber where tl1e incident beam 
intensity is monitored by a copper mesh of 86 % transmission, this is referred to as 
the lo· monitor. The Io· signal can be used to ascertain that the monochromator crystals 
are exactly aligned to one another. The drain ctment from the Copper mesh is also 
measured by a pica-ammeter. The signal from the lo· monitor can be used to nonnalise 
signal collected in the end chamber to any decay in the beamcurrent over the lifetime 
of an experiment. 
The beamline terminates at a standard UHV chamber. This end station is fitted 
witl1 a VG-HPLT sample manipulator capable of horizontal (x, y) and vertical (z) 
movement together with polar (8) and azimuthal ( ~) movement. Samples are mounted 
onto an electrically isolated sample holder complete with a thermocouple attached, a 
resistive heater capable of attaining temperatures of up to around 800 oc and electron 
beam heating is also available giving temperatw-es of up to 1200 °C. A liquid 
nitrogen reservoir connected via a copper braid is also available allowing sample 
cooling to roughly -170 oc. 
The chamber also comprises a forward facing VG Ltd. LEED optic, a cold 
cathode VG Ltd. model (AGS2) Ar+ ion gun, a Perkin-Elmer double pass cylindrical 
mirror electron energy analyser (CMA) complete with a co-axial electron gun, and a 
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VSW Ltd HAI 00 concentric hemisphere analyser (CHA) mounted in the horizontal 
plane at 40° to the incident X-radiation. A combination of a phosphor coated screen 
placed around the beam entrance and photodiodes are used for the alignment and 
measurement of reflected X-ray beams (Io). 
The chamber is kept under UHV by a 330 Vs fombalised turbomolecular 
pump, rotary pump combination. There is also a liquid nitrogen cooled titanium 
sublimation pump (TSP), housed at the bottom of the chamber. Typical base 
pressures of around 2x 1 o-' 0 m bar are readily attainable after a 24 Hour bake at 170 
°C. Gas dosing is possible with a gas line that comprises of a turbomolecular pump 
and a leak valve attached onto the chamber. Gas purity and residual gas analysis 
(RGA) is monitored by a VG Ltd. model SX200 quadrupole mass spectrometer. 
3.2.1.2 Beamline 4.2 
Like beamline 6.3, beamline 4 .2 [4] is a soft X-ray line that can perform 
SEXAFS, NEXAFS, Photoelectron Diffraction and NIXSW experiments in the 
energy range of 640 e V - 1 0 ke V. 
Bearnline 4.2 uses a pre-mirror system the first of which is situated 12.5 m 
from the SRS tangent point. This pre-mirror system consists of a plane mirror which 
is separated by one metre from a sagittal cylindrical mirror. These two mirrors are 
arranged so that the exit beam lies in the horizontal plane. The first of the mirrors 
takes the heat load and consists of three reflective surfaces of quartz, Pt and Cr 
respectively, as stripes along the length of the mirror. The choice of mirror surface is 
made by use of an in-situ mechanical translation of the mirror within the chamber. 
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The second mirror serves to focus the beam horizontally on to the sample. It has two 
stripes, one of Pt and one of Cr. The mirror mount incorporates an in-situ bending 
mechanism allowing the mirror to be bent so that it effectively acts as a toroid. 
Altering the meridian radius of the mirror can change from a stigmatically focused 
beam to a parallel exit beam. This allows variation of the convergence onto the 
rnonochromator giving a choice between two different resolution/spot size modes. 
The beam is then generally incident on a double crystal monochromator, 
though to obtain the correct energy range for the experiment in question there are a 
number of possible combinations of mirror coatings and monochromator crystal pairs 
or multilayers. The photon energy range is spanned by the rotation of the first of the 
pair of crystals and the second crystal rotates and translates to keep the beam in a 
fixed position. This movement is achieved by the use of a mechanical stepper motor 
situated outside of the UHV environment. Movement of the crystals are also available 
that make sure that they remain parallel throughout the range of a photon energy scan. 
An aluminium foil is situated directly after the monochromator crystals which acts as 
a beam monitor for drain current, Io, which is used to make sure that the 
monochrornator crystals sit at the Bragg peak for a particular photon energy. 
The end chamber is pumped by a Leybold AG 340M turbomolecular ptUnp 
backed by a Drytel Rotary pump and can achieve a base pressure of around 1 x 10"10 
torr after a 12 hour bakeout and there is also a liquid nitrogen cooled titanium 
sublimation pump (TSP), housed at the bottom of the chamber The chamber is fitted 
with an electron gun and Concentric Hemispherical Analyser (CHA) for AES, and a 
rear-view LEED with integral electron gun. The sample is connected to a sample 
bolder capable of translation in x, y and z directions relative to the incoming beam 
and also rotation of polar and azimuthal angles. The sampleholder is fitted witl1 a K-
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type thermocouple to monitor sample temperature. The chamber is also fitted with a 
gas phase proportional detector for fluorescence detection. 
3.2.2 The Daresbury MEIS Facility 
The Daresbury Laboratory also plays host to the UK's Medium Energy Ion 
Scattering facility. The facility provides ions, usually of ff' or He+ at energies from 
around 50 keY - 400 keY for various structural studies. 
The facility consists of a large accelerator which was designed to work at 
energies of around 400 ke V, a beamline for the transport of the ion beam and a multi-
chamber UHV endstation. The endstation contains a scattering chamber, a standard 
surface science preparation and characterisation chamber and there is also a third 
chamber with a fast entry vacuum load lock. The ion source and beamline power 
supplies, collimating slits and beam diagnostics are controlled from a console in the 
experimental enclosure. Collimating slits retain a beam divergence at the sample of 
less than 0.1°. The surface preparation and characterisation chamber contains a rear 
view LEED with integral electron gun, AES using a VG Scientific A.XlOO spherical 
sector electron analyser and a facility for Ar+ sputtering and sample annealing. The 
scattering chamber itself is equipped with a High Voltage Engineering toroidal sector 
electrostatic analyser with a two-dimensional, position-sensitive, detector to allow 
parallel detection of a range of ion scattering angles and scattered ion energies. The 
analyser is based on designs developed at the FOM AMOLF Institute in Amsterdam 
[5]. The angular range covered by the detector for a single analyser position is 24°, 
and the analyser can be moved in the plane of incidence around the sample to extend 
this angular range. Samples are mounted in the scattering chamber on a High Voltage 
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Engineering triple axis, high precision manipulator which allows azimuthal rotation 
of the sample about its surface nonna1, rotation in incidence angle and also in tilt 
angle. The sample bolder is also capable of providing sample heating while fitted on 
to the manipulator. 
3.3 Sample Preparation 
The Cu (111) and Cu (100) crystals used as the substrates for the experimental 
work carried out in this thesis were prepared by standard methods. This involved 
ascertaining crystal alignment by Laue X-ray diffraction, spark machining to obtain 
the desired crystal facet, and then mechanical pohshing of the selected facet with 
gradually decreasing grades of diamond paste. In-situ cleaning was by cyclic Argon 
ion bombardment with typical argon ion energies of 2 kV and ion currents of 30 f,lA, 
and then annealing to 600°C, until a clean, well ordered surface was obtained as 
verified by Auger electron spectroscopy (AES), and low energy electron diffraction 
(LEED). Auger electrons with kinetic energies of 20 to 1000 eV were detected, with. 
the signal passing through a lock-in-amplifier to produce a differential Auger electron 
energy spectrum. The stimulation of these Auger electrons was achieved by an 
electron gun operating at an incident beam of energy 3 keY. The suzface was judged 
to be clean when no traces of contamination were detectable or, in the case of bulk 
contaminants, when the associated peaks correspond to a fraction of a monolayer. 
Surface order was confinned for the Cu (111) , and similarly for the Cu (100) crystal, 
when a (1 x 1) LEED pattern with bright sharp spots and dark background was 
observed, typically using beam energies of around 100 to 150 eV. 
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3.4 Thin Film Deposition 
Deposition of Cobalt, Iron and Manganese thin films was achieved using two 
different methods. Daresbury Laboratory possesses a number of well outgassed 
commercial Knudsen cells, including one for Iron and one for Manganese. No 
Knudsen cell was avaiJable for Cobalt deposition but e-beam evaporators have been 
built, at both Warwick and Loughborough Universities (see Appendix C), that are 
capable of evaporation of metals such as Fe and Co. Fe films were prepared by both 
means of evaporation, Co ftlms by e-beam evaporation and Mn by K-cell only. Mn is 
very brittle and aJmost impossible to rolJ into a wire that is both thin and strong 
enough to be clamped into the e-beam evaporators that were available. 
3.5 NIXSW Experiments 
3.5.1 NIXSW Scan Preparation 
When a suitable thin film has been deposited on the Cu (11 1) surface and has 
been characterised by LEED and AES then the set up for an NIXSW can begin. 
The crystal is aligned roughly so that the { 1 1 1} face is at nonnal incidence to 
the photon beam. The monochromator is then set to allow a photon beam of around 5 
e V higher than the nominal Bragg energy for a Cu (111) crystal The crystal is then 
rotated in polar angle until a reflected spot can be seen on the phosphor coated screen 
placed around the beam entrance port. Because the beam energy is higher than the 
Bragg energy, the reflected spot appears on the right hand side of the screen. The 
view of the left hand side of the screen on station 6.3 is impaired by the CHA, 
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otherwise the choice to set the photon energy higher or lower than the Bragg energy 
would be purely arbitrary. When the spot can be seen it is sometimes also necessary 
to aJter the azimuthal angle so that the spot sits in the centre of the screen vertically. 
Tbe reflected spot is then moved towards the hole entrance by reducing the photon 
energy in suitably small steps and rotating the polar angle of the sample. The drain 
current from tbe screen can also be utilised to check that the most intense reflection, 
and therefore the correct polar position has been achieved. Tllis combination of 
alterations is continued until the most intense reflection of the spot is sitting just on 
the edge of the beam entrance port. It is important tllat the beam is not simply 
reflected straight back down the beam entrance port as this could interfere with the 
beamline 10 monjtor. The position parallel to the beam was then optirnised by setting 
the CHA to a particular peak, usually the Cu L VV Auger, and moving the sample 
tmtil maximum counts were achieved. 
With the standing wave position set up a wide range EDC was then carried out 
from 100~3000 eV with a photon energy of 3000 eV. This allows suitable peaks to be 
chosen to monitor during the XSW scan. It also confirms that all of tl1e photon beam 
is incident on the sample. If the beam is slightly off the sample, it will clip the back 
plate or sample holder clips, wllich are usually made of tantalum or molybdenum, and 
their respective photoelectron and Auger electron peaks will show up in tl1e wide 
range EDC. When suitable peaks have been identified for both the adsorbate and 
substrate, then short range EDC' s are taken over the selected peaks to identify the 
exact binding energy or kinetic energies for photoelectron and Auger electron peaks 
respectively. Short range EDC' s also allow for more accurate calculation of the peak 
heights, which are used to determine the counting times for respective peaks during 
XSW scans. 
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To create an NIXSW profile, emission intensities of the chosen Auger or 
photoelectron peaks are measured above the background for each photon energy step 
during the scan. The emission intensities are collected sequentially at kinetic energies 
that match the maximum intensity of the peak, the ON signal, and a point several e V 
after the peak, the OFF signal. The OFF signal is taken to represent the background 
intensity underneath the ON peak. The HA 100 analyser is operated in constant initial 
state mode to collect to photoelectron signals at a constant binding energy and in 
constant fmal state mode to collect Auger electron signals at constant kinetic 
energies. The difference between each set of ON and OFF signals is then divided by 
the Io reference signal to take into account of the gradual decay in the flu;.<: of the 
photon beam over the timescale of the experiment. When a full set of NIXSW 
profiles has been generated in this way for the (111) surface, the crystal is then 
rotated anticlockwise in polar angle by 70.5° so the (111) plane is nonnal to the 
photon beam and an NIX SW scan set up in the same way. Because of the rotation the 
sample will now be more 'face on' to the analyser, giving a higher count rate. This 
makes it sensible to carry out the experiment with the (111) standing wave set up 
first, loss of beam current over the course of the first experiment is counteracted by 
the higher cow1t rate in the second experiment. The NIXSW scans themselves are 
generally carried out over a range 1 0 e V either side of the Bragg condition. 
3.5.2 NIXSW Data Analysis 
To obtain structural parameters from NIXSW, the experimental absorption 
profiles obtained are compared with results of theoretical calculations as described in 
Chapter 2. The profiles are first normalised to the average intensity taken from a point 
suitably distant from the Bragg peak. The Bragg energy and the instrumental 
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broadening then need to be determined before structural parameters for the adsorbate 
can begin to be ascertained. These can be found by fitting a NIXSW substrate profile 
which will have a coherent position, Cp, of 1 or 0 (i.e. equal to the bulk layer spacing 
for the ( 111 ) surface) as a known structural parameter (barring a surface 
reconstruction). The non-structural parameters are independent of the absorber 
species, and the crystal is left in the same position for the dmation of the NIXSW 
scan, so the values obtained in this way can be used as constraints in XSW:fit [6) 
which then optirnises the structural parameters of the adsorbate atoms. These 
structural parameters are then used for site determination as discussed in Appendix B. 
Errors arise in NIXSW investigations from the difference in the precision 
limits of fitting a single profile by theory, and in the variations in the measured 
profiles of experiments performed under identical conditions. The XSWfit program 
uses pre-assigned values for the geometrical structure factors, the volwne of the bulk 
unit cell and Debye-Waller broadening. These parameters are subject to a small 
amOlmt of uncertainty, which will affect the calculated Cp and Cr values. Deviations 
of up to± 10% in the Debye-Waller and structure factors make little difference to the 
theoretical profiles. Small changes in the value of the coherent fraction also have little 
effect, being equivalent to a change in the Debye-Wailer factor, but a ± 5% deviation 
in the value of the coherent position changes the shape of the profile dramatically [7]. 
This implies that the value of the coherent position obtained from fitting, is far more 
sensitive to the actual absorber pos.ition than to any errors induced by inaccuracy in 
the fitting parameters. Comparisons between several different experimental NIXSW 
profiles assumed to be from the bulk provide a means for estimating the accuracy of 
the non-structural parameters. 
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A more significant error contribution arises from the sensitivity to the fit 
between theory and experiment, whi.ch can be measmed by a least ·squares fitting 
coefficient, commonly known as chi-squared or the R-factor. Good visual fits 
correspond to cbi-squared values less than :::::: 0.03. For overall consistency, several 
experimental N1XSW profiles were measured from each probe atom and the precision 
of the structural parameters was obtained from the scatter of values in the several data 
sets. This statistical approach yields a more significant account of the enors involved 
in NIXSW fitting. For a good visual fit and a suitable least squares fitting coefficient 
between theory and experiment, Cp values can be obtained to a precision of 0.05 A 
with Crenor values between 0.05 and 0.1. 
3.6 SEXAFS Experiments 
3.6.1 SEXAFS Scan Preparation 
SEXAFS scans are much simpler to set up than NIXSW scans when they are 
taken at normal incidence. A suitably prepared sample is simply put at normal 
incidence to the incoming photon beam and the monochromat or set to a few e V 
below an absorption edge characteristic of the adsorbate and a scan run until several 
hundred e V after the edge. The usual measurement in SEXAFS is a product of the 
decay of the core hole. The direct measurement of the absorption process by the 
emission of a photoelectron becomes swamped at the energies used for SEXAFS by 
photoelectron diffraction effects. A suitable indirect product of the absorption is the 
fluorescent decay of a core hole which can be detected using a proportional gas 
counter. This will give a spectra containing modulations characteristic of the 
environment of neighbouring atoms. 
so 
Chapter 3: Experimental Techniques 
3.6.2 SEXAFS Data Analysis 
Analysis of the SEXAFS data was carried out usmg the EX CUR V98 
programme [8] . The EXAFS modulations are calculated from a model defined by a 
munber of parameters specified by the user or iterated to a best least mean squares fit. 
The parameters that can be altered are the bond length of the atoms in the j lh shell, rj, 
the energy of the photoelectrons at the point chosen as zero in the background 
subtraction, Eo (equivalent to the bottom of the band below the Fermi level), the 
number of neighbours at a distance rj, Nj ( Nj is assumed to be for an isotropic sample, 
so for a non-isotropic sample such as a single crystal a figure Nj • must be used that 
takes this into account), and a Debye- Waller factor (2(cr2) ) for the j th shell, Aj. Non-
structural parameters for the imaginary component of the inner potential of the 
sample, which produces a decaying electron wave amplitude to allow for the fmite 
mean path, and an amplitude factor to take into accOtmt reductions in EXAFS 
amplitudes due to things such as the finite lifetime of the core hole are also needed. 
Scattering phase shifts are calculated within the programme. 
Modified phase shifts are produced from a "model" compound with known 
structural parameters. These phase shifts are then used as a starting point, and the 
values for Aj, the imaginary potential, and the amplitude factor set to values based on 
similar systems. Nj is dependant on the structure to be fitted, in the case of thin 
metallic filius as investigated in this thesis, where a value Nj • is used that takes into 
accmmt the unequal weighting between atoms that are in and out of the plane of the 
electric vector of the incoming photon beam, it is not difficu.lt to ascertain an effective 
coordination number for known film structures to use as a starting point for the fit. 
The values for fj and Eo can then be allowed to vary until a best fit is achieved. The 
values for Nj • and Aj can then be optirnised. In general for the kind of data obtained in 
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surface studies it is problematic to detennine N/ and Aj independently, so Nj• is 
generaUy held whilst Aj varies. A number of iterations of this procedure are carried 
out until a suitably good fit to the data is achieved. The EXCURV98 programme 
itself is a multi-sheU analysis routine which means that several shells can be fitted 
simultaneously. 
It is also possible to obtain a Fourier transfonn of the fit that will give a 
fingerprint of the successive shell distances which can be compared to similar 
fingerprints for known structures. Errors for the fit are calculated within the 
EX CUR V98 routine. 
3.7 MEIS Experiments 
3.7.1 MEIS Scan Preparation 
Before any experimental data is taken for the adsorbate system of interest by 
MEIS, a clean substrate crystal is first used to obtain alignment of the sample. This is 
done by finding a major crystallographic direction in the sample and using that to 
optimise the sample position in both rotation and angle. The values obtained can then 
be used as a basis to align the sample when the system to be investigated has been 
deposited on the crystal. The system can then be investigated by looking for suitable 
incidence and collection geometries that outline the structure in the adsorbate system. 
When the geometry of the scan is set up and the ion beam is incident on the sample 
the detector is set to collect scattered ions over a range of energies. These scans can 
then be tiled together to give a false colour image of scattered ion energy versus 
scatterin g angle. 
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3.7.2 MEIS Data Analysis 
When 61ed data of scattered ion energy versus scatteri11g angle has been 
obtained the scans are sliced up into polygons that represent the different areas of 
structure in the scan, or whichever areas of the scan the experimenter is interested in. 
They are then corrected by a term for Rutherford back scattering. This gives a plot of 
scattering angle versus intensity of scattered ions which can then be simulated using 
the VEGAS code [9]. The VEGAS code takes the incoming trajectory of one ion and 
then calculates aU of the possible outgoing trajectories, it tl1en takes the next possible 
incoming trajectory and performs ilie same calculation, and so on until all of the 
possibilities are exhausted. To carry out the simulations in VEGAS requires ilie input 
of several parameters. The first requirement is a unit cell upon which possible film 
structures can be built. This unit cell allows various simulated crystals to be built, for 
all possible adsorbate film structures of the required thickness, that can be used to 
simulate ion scattering for required geometries. The simulated crystals are required to 
have at least two atoms per layer. VEGAS also requires the input of beanJ parameters 
witl1 which to simulate the ion scattering. The azimuthal and polar angles required to 
describe a particular experimental geometry for a (111) surface can be found by using 
a stereographic projection. The projection is set up looking outwards from within the 
crystal. The scattering angle over which the simulation is to be carried out can ilien be 
matched to those of the experimental data. A shadowing and blocking flux are also 
required. The simulation uses a Moliere potential to describe the atoms screened 
Coulomb potential, and the yield can be obtained in a layer by layer format. 
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The simulations can then be fitted to the data with a simple non-linear 
regression. Before carrying out t11e regression it is usuaJ to remove the scattering due 
to the first two layers of the adsorbate fllm. The first two layers are responsible for 
most of the scattering and if not removed are liable to swamp the effects of scattering 
from more long range structure deeper in d1e frJm. The non-linear regression can 
either have a constant, a quadratic or a cubic added to it, and it is most common to 
add a quadratic tenn. The regression will then pick out the simulations that are most 
dominant in the experimental data and give a stacking sequence for the adsorbate 
film. 
There are a number of methodologies for calcttlating a reliability, or R-factor, 
for MEJS which have been discussed in the literature [10,11]. These calculations 
provide a measurement of the quality of fit between experiment and theory for a 
particular experimental geometry. For all of the systems investigated by MEIS during 
this thesis the theoretical simulations of the possible changes in structure contain 
features that are easily identifiable as indicating the presence of a particular structure. 
To observe a change in structure it is possible to morutor the presence or absence of 
these features. Because of this ability to observe changes in the data taken and assign 
them to a change between particular structures there is no intrinsic value in 
calculating an R-factor under these conditions. While the R-factor would give a 
measure of agreement between the fit and experimental data, neither of the structures 
present are likely to be exclusive, and the fit will contain several components of 
possible stacking sequences. Distinguishing which of these components belong to 
eid1er type of structure does not require an R-factor and can be done by carrying out 
simple si.mulations of the possible stacking sequences. For this reason no R-factor 
calculations have been carried out for the experiments reported on in trus thesis. 
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4.1 Introduction 
An example of the way ultra-thin films can be grown to produce structures 
that do not exist in nature is the case of epitaxial Co on Cu (111 ). Co is naturally hcp 
at room temperature but has been reported to adopt the Cu fee structure when grown 
in suitably thin layers, and as such it is possibly the most investigated system in 
metal-metal epitaxy. This interest has arisen partially from studies showing that one 
monolayer of Cobalt deposited on Copper (111 ) will fmm a two dimensional 
magnetic system [l ,2]. There is a general consensus that the film initially grows fee 
and then changes to the natural hcp (000 1) Cobalt structure at increasing thickness, 
but where this transition occms has not been reliably ascertained and appears to be 
very dependant on the method and rate of deposition. The Co film structure ts 
bel ieved to maintain pseudomorphic behaviour to around three monolayers. 
One of the important factors in the structure of thin films is the initial growth 
mode. Early studies concluded from breaks in Auger uptake cmves that Co films 
began as two-dimensional islands that grew to complete a full monolayer, after which 
the growth was layer by layer [2] when deposited at room temperatW'e . LEED studies 
found that for films of 8ML the LEED pattern was six-fold symmetric, which was 
interpreted as suggesting a hcp structW'e for the Co film . Another study using X-ray 
photoelectron and Auger electron forward scattering [3] suggested that Co films grew 
in a mix of fee and hcp sites almost immediately, and that in filius up to a thickness of 
5ML film the ratio of fee to hcp s ites remained constant throughout the ftlm . This 
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study also suggested that the growth of the film was not layer by layer. A further 
study [4] using angle resolved X-ray photoelectron diffraction and LEED suggested 
that the film remained single domain fee for the first two layers and that after this 
there was an almost 50150 mix of fee and hcp site occupation up to a thickness of 
lOML where the film graduaHy became dominated by hcp structure. 
Scan!ling tunnelling microscopy studies into the initial film growth [5-7] have 
suggested that the Cobalt film does not initially wet the Copper (111) surface but 
forms triangular bilayer islands. The studies also suggested that there were two 
orientations of these islands rotated by 60° with respect to each other, suggesting that 
the film may begin to grow as an fee twin. STM studies also suggest that as the Co 
films are deposited, hexagonal vacancies appear in the Cu surface that were not 
present before the Co was deposited. These holes are found close to the steps of the 
original surface. This is attributed to an enhanced mobility of the Cu atoms caused by 
the presence of the Co film. Low energy ion scattering studjes [8) have confirmed 
that there is surface iliffusion of the Cu atoms both during and after deposition of Co, 
even when the films are deposited at room temperature. This study also agreed with 
previous work that suggested the Cu atoms try to form a capping layer on top of the 
Co bilayer islands. An important feature of this study is the time resolved observation 
of the surface iliffusion, which was able to see the occurrence of diffusion during the 
timescale of the film deposition process. The study also showed that the iliffusion 
could be halted after deposition by cooling the sample to liquid Nitrogen 
temperatures. S1M stuilies [9) have also proposed that the pseudomorphic fee growth 
of the Co is stabilised by the Cu capping and that the onset of hcp structw·e occurs 
due to a sequence of stacking faults introduced into the fee lattice, the nwnber of 
faults multiplying with increasing film thjckness. 
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The effect of deposition conditions was illustrated in a recent study [1 0] which 
used pulsed laser ablation to deposit a Co film on Cu (lll) at 230 K. This method 
provided a much faster deposition rate than is normaUy obtained with methods such 
as e-beam heating of Co wires or using a Knudsen effusion ceU, which have generally 
been used in studies of the Co/Cu (111) system. This leads to a greater coverage of 
the swface during the initial stages of film growth leaving less exposed Cu. The study 
claims that this more complete wetting of the Cu surface prolongs the pseudomorphic 
Co growth up to aratmd 6 ML as investigated by STM and CO absorption. 
We have investigated the Co/Cl1 (111) system usmg both the Normal 
Incidence X-ray Standing Wave:field technique and Medium Energy Ion Scattering 
for films ranging from sub-monolayer thicknesses up to films of aratmd 20ML. In 
both cases the ftlms were deposited using e-beam evaporation from a 99.99% pure 
Cobalt wire and film thicknesses were calculated using the methods outlined in 
Chapter 3. The NIXSW measurements were carried out on station 6.3 of the 
Daresbury Laboratory SRS, and the MEIS studies were carried out on the UK's MEIS 
facility, also at Daresbury Laboratory. 
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4.2 NIXSW studies of Co/Cu(lll) 
4.2.1 Experimental details 
Cobalt films were deposited onto a weiJ characterised Cu (111) crystal at 
room temperature using an e-beam evaporation source built at Watwick University. 
AES scans were then carried out over a 100-1 000 e V range so that film t11ickness 
could be calculated before cooling the sample with liquid Nitrogen to < -150° C to 
prevent diffusion of substrate Cu atoms to cap the Co film for fi lms of less than 
- 2-3ML thickness. This also has the advantage of reducing Debye-Waller noise in 
tlle N1XSW scans. Film thickness was measured by monitoring the ratio of the Co 
656 eV and Cu 920 eV Auger electron peaks (see Figure 4.1). After taking a wide 
range EDC (Figure 4.2) shorter range EDC's were taken over the Co 2 p312 and Cu 2 
p312 photoelectron peaks for aU the films deposited, and also over the CoL VV Auger 
electron peak for the thicker Co ftlms (Figure 4.3). The Co LVV peak was 
investigated for the thicker fi lms where the amount of Co gave reasonable signal to 
background statistics so that possible non-dipole affects in the detection of 
photoelectron peaks during NIXSW scans could be accounted for. The Cu L VV 
Auger peak was also monitored in some scans both for comparison with structural 
parameters obtained from Cu 2 p312 photoelectron peaks, and also to confirm other 
workers estimation of the non-dipole affects in the detection of Cu 2 p3a 
photoelectron NIXSW profiles. NIXSW scans were carried out over a 20 eV range at 
0.2 e V steps, centred on the Bragg energy for a Cu (11 1) crystal. The Co 2 p311 and Cu 
2 p312 photoelectron peaks were monitored for thinner films and also the Co L VV 
Auger peak for thicker films . The Bragg energy for a Cu (11 1) crysta l is of course 
dependant on the spacing between the (11 1] planes, this spacing will decrease when 
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Figure 4.1 AES scans for deposited films of Coon a Cu (1 11 ) surface for 
a clean surface, a thin Co film and a thick Co film 
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the crystal is cooled, causing the Bragg energy to increase. In the case of the Cu (111) 
crystal used in this experimental investigation it was fmmd that cooling the crystal to 
< -150° C increased the Bragg energy from ~ 2965 eV to ~ 2971 eV. 
4.2.2 NIXSW Results and Discussion 
NIXSW scans were taken for Co coverages of between 0.77 and 8.49 ML 
with an average deposition rate in tl1e region of 0.25±0.05 MLm.in-1 (see Figure 4.4). 
The results of these scans for each absorber atom for both (Ill ) and (Ill) reflections 
can be seen in Table 4 .1. Examples of the change in NIXSW profile for the Co2 p312 
photoelectron with increasing film thickness can be seen in Figure 4.5(a) and (b) 
along with the best fits associated with these profiles . These fits were generated by 
restricting the coherent position to be tl1at of the bulk layer spacing for Cu ( 111 ), so 
that the Bragg energy and instrwnental energy broaderung could be calculated for the 
substrate. These values were then fixed while values for Cp and Cr were generated by 
the fitting programme. A Q value of 0.15 was used within the fitting programme to 
account for non-dipole affects in coUection of the Cu 2 p312 photoelectron NIXSW 
profile . This value was calculated by generating Cp and Cr values for a Cu LVV 
Auger electron NIXSW profile (using a Q value of zero) that was taken 
simultaneously to a Cu 2 p3a photoelectron NIXSW profile. As the scan was taken 
simultaneously the Cp and Cr values , and non-structural parameters, should be 
identical within errors for both the Cu 2 P3rz photoelectron and the Cu L VV Auger 
electron, so by fixing alJ parameters for the photoelectron except Q it is possible to 
gain a Q value corresponding to a best fit. This was repeated for several Cu 2 p3n, Cu 
LVV pairs and the value of 0.15 is comparable with the values obtained by other 
workers in the field. Just to confirm this value, profiles were fitted for the Cu 2 PJrz 
photoelectron where the value of Q was stepped from 0 to 0.30 whiJe constraining Es , 
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Figure 4.4 Deposition rates for Co as measured by AES for different experimental 
runs at Daresbury Laboratory . Two different evaporation sources were used during 
the Feb 98 run this is apparent in the two deposition rates visible in the data. 
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Figure 4.5 (a) NIXSW absorption profiles along with associated best fits for the 
( 111) reflection for the Cu 2 p312 and Co2 p312 with increasing Co film thickness 
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Figure 4.5 (b) NIXSW absorption profiles along with the associated best fits for the 
(- 111) reflection for the Cu 2 p312 and Co2 p312 with increasing Co film thickness 
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a and Cp, and the least squares error in the fit (Chi squared, or R-factor) recorded 
until a minimum value was obtained. This gave a comparable value and revealed that 
around the minima a change in the Q value of± 0.02 aroWld the minimum makes 
little difference to the fit. Exactly the same process was used to obtain a Q value for 
the Co 2 p 312 photoelectron. 
Table 4.1 Cp and Cr obtained by experiment with increasing film truckness 
Film 
Thickness Reflection Cu2p Cul .. VV Q!.1Q CoLVV 
(ML) Cp Cr Cp Cr Cp Cr Cp Cr 
0.77 (Ill ) 1.02 0.88 0.97 0.85 
(-I ll) 0.98 1.00 0.97 0.67 
0.77" (I ll ) 1.02 0.90 0.99 0.90 
(-Ill ) 1.0 1 0.89 1.01 0.87 0.95 0.66 
0.86 (-11 I) 0.96 0.71 0.97 0.69 
0.92• (-I ll ) 1.01 0.87 1.02 0.84 0.95 0.62 
0.95. ( I ll) 1.03 0.84 1.01 0.88 0.97 0.69 
(-I ll ) 1.02 0.85 1.02 0.85 0.98 0.58 
0.96 ( I ll) 1.03 0.92 0.94 0.96 
(- Il l) 1.03 0.92 0.94 0.45 
1.08 ( I I I) 1.04 0.91 0.97 0.75 
(-Il l ) 1.04 0.92 1.01 0. 41 
1.25 ( Ill ) 0.98 0.83 1.00 0.82 0.91 0.79 
(-Ill) 1.00 0.86 1.00 0.84 0.94 0.62 
us· ( Ill ) 1.03 0.85 0.97 0.74 
(-11 I) 1.02 0.89 0.97 0.6 1 
1.48. (11 I) 1.01 0.88 1.02 0.84 0.93 0.79 
(- Ill ) 1.01 0.87 1.0 1 0.85 
2.20 ( Ill ) 1.03 0.92 0.94 0.77 
(-I ll ) 1.03 0.90 0.93 0.25 
2.60. ( Ill ) 1.01 0.92 0.93 0.83 
(- I l l) 1.0 1 0.86 1.02 0.83 0.92 0.43 
2.70. ( Il l) 1.01 0.87 1.02 0.85 0.92 0.80 
(- Ill) 1.00 0.85 1.00 0.87 0.91 0.38 
(-Ill ) 0.98 0.89 0.90 0.44 
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Film 
Thickness Reflection Cu 2p CuLVV Co2p CoLVV 
(ML) Cp Cr Cp Cr Cp Cr Cp Cr 
2.74 ( Ill ) 0.99 0 .83 0.9 1 0 .80 
(-I ll ) 1.0 1 0.85 0.93 0.51 
4.47 ( I l l ) 1.00 0.83 0.89 0 .71 0.9 1 0.69 
(-Ill ) 1.00 0.&3 0.96 0.09 0.97 0.24 
4.67 ( I ll ) 1.0 1 0.88 1.0 1 0 .86 0.91 0.81 
(-11 I) 1.01 0.85 1.00 0 .86 0.94 0. 18 
5.50 ( I l l ) 0.99 0 .87 0.88 0.72 0.97 0.66 
(-Ill ) 0.99 0.79 0.97 0.07 0.97 0 .19 
5.91 (Ill ) 1.00 0.80 1.01 0 .77 0.88 0.76 
(-Ill ) 1.0 2 0.81 1.0 1 0 .82 0.88 0.17 
7.27 ( I l l ) 
(-I ll ) 0.97 0.84 0.98 0 .88 0.89 0. 19 
(-Il l ) 1.00 0 .7 1 1.00 0. 11 0.98 0.06 
8.49 (Ill ) 0.87 0.77 1.03 0.95 0.84 0 78 
(-Il l ) 1.01 0.82 I .02 0 .84 0.98 0.07 
N.B Ftlm thickness values annotated wttb an astenx md1cate NIXSW scans earned 
out with the sample at room temperature. 
An average value of 0.25±0.02 was obtained using parameters obtajned from 
the Co LVV Auger peak, and a value of 0.28±0.02 was obtained by steppmg through 
Q values sequentiaJJy. This is shown in Figure 4.6 along with the curve generated by 
the same procedure for Cu. 
It was decided to bias the value slightly towards that obtained directly from 
the Co LVV experimental data, so a Q value of 0.26 was used to fit the Co 2 PJa 
photoelectron NIXSW profile. To double check the Q value for the Cu and Co 2 P3a 
photoelectrons, the 2 p3a photoelectron NIXSW profi.Jes were then fitted usmg the 
calculated Q values, and the structural parameters obtained compared to those 
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generated from the respective L VV Auger electron NIXSW proftles. The structural 
parameters were found to be in good agreement. 
It can be seen from Table 4.1 that as the Co film thickness increases the 
coherent position remains almost the same for both the ( 111) and the ( 1 11) 
reflections for both Co and Cu, and this can be seen clearly in Figure 4.7(a). Closer 
inspection of the Co 2 p3,2 plot however shows that the coherent position appears to 
decrease gradually as the ftlm thickness increases from a Cp of 0.97 (2 .02 A) for the 
thinnest fi.lm (- 0.5 ML) to a Cp of 0.84 (1.83 A) in the thickest film (8.49 ML). This 
is shown in Figure 4.7(b). This could be due to a relaxation of the Co film from an fee 
Cu ( 11 1) interlayer spacing of 2. 08 A, to an fee Co ( 1 1 1) interlayer spacing of 2. 0 5 A, 
or a hcp Co (0001) interlayer spacing of 2.03 A. Any reduction in Cp in the film will 
be cwnulative, a reduction of 0.1 in the spacing of each layer would for example be 
seen as a reduction in the Cp of the 2nd layer of0.2, 0.3 for the 3 rd layer, 0.4 for the 4th 
layer and so on. The Cp for a film will be a weighted average of all these individual 
Cp's taking the relative attenuation of the signa.! from each layer into account. In 
theory though the inelastic mean free path for tbe photoelectrons of both Cu and Co at 
this energy is around 8 ML, there would still be a contribution from layers at an 
infinite depth into the surface, in reality the fall off in contribution is such that by the 
time the 9th layer is reached then the contribution from any lower layer starts to 
become so small as to have a negligible affect on the calculation of Cp values. The 
relative contribution from each layer can be averaged using the expression 
.:1*L=1 ~"U/n)] (in the limit sin2nD/d ~2nD/d) where .:1 is the defect per layer. For a 9 
ML thick Co film if the reduction was that from an fee Co (111 ) inter layer spacing 
then the overall Cp would be 0.87 (1.81 A), and if the reduction was due to a hcp Co 
(0001) interlayer spacing the overall Cp would be 0.79 (1.64 A). This seems to favour 
a film growing with main.ly an fee Co (1 11 ) interlayer spacing for the frrst 3 layers 
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with a change to hcp Co (0001) spacing as the fi lm becomes thicker than this, which 
gives an overall Cp of 0.84 which is in good agreement with the Cp obtained from 
experiment. The possibility of island growth in the first three layers of the film should 
also be taken into account. Thinner films (up to 2 ML) seem to have a Cp in the (111) 
reflection consistent with between 1-3 layers of fee (11 L) Co. Over this regime the 
fi lm may contain islands of varying heights which stiiJ grow in layers, if not a layer 
by layer manner. The Cp would therefore have contributions from islands of varying 
heights but this still seems to be consistent with the Cp for the 8.49 ML fi~n 
containing three layers of fee (111 ) Co at the film/substrate interface. The reduction 
of Cp may also be affected by an increase of disorder, or stacking faults in the film 
with increasing thickness which lowers the degree of confidence that can be put into 
any calculated value of Cp. Table 4.1 shows that the coherent fraction of the Cu 2 P3n 
in the (11 I) and ( 1 ll ) reflections remain constant with increasing ft.l.m thickness as 
would be expected unless there was a major surface reconstruction. The coherent 
fraction for the Co 2 p312 shows a slight drop for the (11 1) reflection but it is the 
- -
coherent fraction for the (111 ) reflection which is of most interest. For the (111) 
reflection the coherent fraction falls off very rapidly, recovers slightly, and then drops 
again. This can be seen in Figure 4.8(a) and 4.8(b). This is indicative of the 
occupation of more than one site. 
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Table 4.2 Possible stacking sequences on the fee (111) surface 
Substrate hcp with fee hcp with hcp fee Stacking 
continued registry registry twinned fault 
c A hcp Ahcp B atop B atop B atop Ahcp 
B B fee Chcp Chcp A atop C hcp C hcp 
A A fee A fee B bcp B hcp A fee B hcp 
c B atop Cfcc C fee Ahcp B atop A hcp 
B A atop A atop B fee B fee Chcp C hcp 
A B hcp C atop C atop A fee A fee B hcp 
c Ahcp Ahcp B atop B atop B atop Ahcp 
B B fee C hcp C hcp A atop C hcp C hcp 
A A fee A fee B bcp B hcp A fee B hcp 
c c c c 
B B B B 
A A A A 
c c c c 
B B B B 
Simularions for the coherent fraction for continued fee ftlms, fee twirmed 
films and hcp films (both abab, and acac) can be seen in Figure 4.9. The possible film 
stacking sequences for hcp or fee film growth on a fee (111) surface can be seen in 
Table 4 .2. The basis for the stacking patterns used for the simulations can be seen in 
Figure 4.10 and Table 4.3 . A scaling factor has been introduced to the simulations to 
account for disorder within the film. This should be related to the average coherent 
fraction of the substrate as the film deposited on it, unless it has a surfactant effect, 
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can only have a coherent fraction as high as that of the substrate. The average value 
of Cr for the Cu 2 p312 photoelectron for the (111) reflection is 0.85±0.02. This merely 
changes the scaling not the shape of the simulations. An equal occupation of the three 
possible 3-fold high symmetry sites fee, hcp and atop, would lead to a coherent 
fraction of zero. It can be seen for all the Cr values in the simulations, except that for 
an fee continuation of the substrate, that at some point the Cc drops to zero and will do 
so at regular intervals as the stacking sequence repeats. The repeat for an fee twinned 
film is every 3 layers, and that for a hcp film is every 6 layers. It can be seen from 
Figure 4.9 that Cr for the Co 2 p3r2 photoelectron i.n the ( 1 11 ) reflection does not drop 
to zero at any point, which suggests that the film does not grow i.n just one structure. 
If the filins do grow pseudomorphically in their early stages, then it would be 
expected that they would follow fee stacking for the first couple of layers. From 
looking at Figure 4. 9 it can be seen that Cr fall s off very quickly, and that the result of 
a continuation of the fee lattice would be a constant Cr value of 0.85 . If only the first 
two layers are left as following fee stacking, and the film then continues as fee 
twinned or hcp this has the affect of preventing Cr dropping to zero . The only 
structure that results in a suitable drop off of Cr, after two layers of fee are added as a 
starting point, is the hcp acacac type stacking as can be seen in Figure 4.11 . Though 
this does prevent Cr from dropping to zero the changes also result in moving the 
simulation further away from the data at other points. It is clear that the film is not 
made up of one simple structure and the best fit to the data appears to contain a 
mixture of hcp, hcp following two layers of fee. This can be seen in Figure 4.12. If 
the point in the (Ill) data set at a coverage of 2.20 ML with a Cr of 0.25 is jgnored 
this provides a reasonable fit to the experimental data. Whether there is any 
justification for ignoring this point is open to conjecture. This argument wiU be 
returned to later on when MEIS data can be added to tbe discussion. 
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Figure 4.10 Possible stacking sequences on the Cu (1 11) surface for an ABC type 
stacking pattern tennination 
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FILM 
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If the stacking pattern is continued in tJ1e same way tJ1en the stacking relative to the 
substrate can be obtained for each layer for the a, b, and c sites. 
Table 4.3 
Layer ! h ~ 
1 fee hcp atop 
2 atop fee hcp 
3 hcp atop fee 
4 fee hcp atop 
5 atop fee bep 
6 hcp atop fee 
7 fee hcp atop 
8 atop fee hcp 
9 hcp atop fee 
10 fee hcp atop 
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The coherent fraction and coherent position obtained by experiment can al so 
be used wit\1ln an Argand diagram-plotting programme [111 (see Appendix B) to 
provide a breakdown of the relative occupation of the three (111) high symmetry sites 
fee, hcp and atop. This can be seen in Table 4.4. 
Table 4.4 Breakdown of the Co 2 PJrz photoelectron N1XSW results for the (111) 
reflection into site occupation. 
Film Thickness 
(ML) fee !!£1! atop Total(%) 
0.77 78 18 3 99 
0.77• 80 26 - 106 
0.86 - - - -
0.92• 80 21 - 101 
0.95• 79 \7 s 101 
0.96 63 28 7 98 
1.08 65 16 19 100 
1.25 - - - -
1.28• 75 19 5 99 
1.48• 85 17 
-
102 
2.20 51 32 17 100 
2.60" 61 32 5 98 
2.70" 59 35 7 101 
60 36 2 98 
2.74 - - - -
4.47 53 26 21 100 
4.67 47 31 21 99 
5.50 49 28 22 99 
5.91 42 35 19 96 
7.17 44 35 18 97 
43 28 27 98 
8.49 39 3 1 29 99 
N.B Film thickness values annotated With an astenx mdicate NIXSW scans earned 
out with the sample at room temperature. 
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The percentage obtained for each layer should be weighted towards the 
outward layers to take accowlt of the signal attenuation as it travels through the film. 
However to do this would requires a recalculation for not only the layer in question 
but also for that of the contribution for layers further down the film. Tllis is not a 
trivial procedure and even without this calculation the Argand diagram programme 
will highlight any major change in site occupation. The programme itself requires the 
input of the d(hkl) for the set of planes in whjch the standing wave has been set up, 
and the Cp and Cr obtained by experiment. The programme then plots a vector on the 
Argand diagram corresponding to this information. The user can then input the 
nwnber of sites that the adatoms may poss ibly occupy (the programme provides the 
possibility of 100+ sites), and the corresponding ( I ll) layer spacings for each of 
these sites (this can either be done in terms of an actual distance in A, or as a 
percentage of the layer spacin g of the bulk). For the Cu ( 111 ) surface the spacings for 
the 3 high symmetry sites are: 
fee (D(111)+2d(111))/3 = 1.00 (2.08 A) 
bcp (D(lll ) + d(lll))/3 = 0.66 (1.37 A) 
atop D(lll )/3 = 0.33 (0.69 A) 
An estimation of the percentage of order in the surface is then needed that 
relates the likelihood of an atom sitting in a particular site to the general order present 
at the surface. This can be estimated by looking at the Cr gained from experiment. 
When these parameters have been assembled it is then possible to alter the percentage 
of each site occupancy, and the resultant vector is plotted along with that gained from 
experiment on an Argand diagram. By altering these percentages it is possible to 
make both vectors coincide. This gives a breakdown of the occupancy of each site 
throughout the whole film. Examples of the results of the Argand diagram 
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programme can be seen in Figure 4.13. There are three coverages in Table 4.4 for 
which the experimental data cannot be modelled by the Argand diagram programme. 
All three NIXSW experiments that coincide with these coverages took place on the 
same experimental nm on Station 6.3 at the Daresbury Laboratory and it appears that 
there is some inconsistency within this data. There are no other coverages in Table 
4.2 corresponding to this experimental run. 
As can be seen from the table there is a defmite change in site occupancy with 
increasing thickness . Films up to around 2ML appear to be made up of approximately 
80% fee sites and 20% hcp suggesting a degree of pseudomorphic growth. It cannot 
be ascertained however whether all of these sites actually occur in the first 2ML 
above the substrate. If, as suggested by STM, island growth occurs with islands of 
around 2-JML in height with Cu atoms capping the islands, then the coverage 
calibration by AES will underestimate the thickness of the Co film. Also because of 
the islanding it is impossible to ascertain whether all of the fee or hcp stacking occurs 
in an individual layer, the percentage in each site is an average over all the layers, so 
if islands are present the majority of bcp (or fee for that matter) sites occupied may be 
in the second rather than ftrst layer or vice versa. As the film thickness increases there 
is a noteable change between 1.48 and 2.20 ML where the fee site percentage drops 
and the hcp site percentage increases. This remains static until 4.47 ML where the 
percentage of atop sites occupied increases significantly at the expense of both fee 
and hcp sites, and finally at 8.49 ML the film has a split of 40% fee, 30% hcp and 
30% atop sites. If the division of site occupation for the first two layers is taken to be 
80% fee and 20% hcp, then for the 3rd layer the site occupation would need to be 20% 
fee, 65% hcp and 15% atop to create the change seen in the registry above 2.20 ML. 
A break down of the layer by layer registries required to recreate the data seen in 
Table 4.4 can be seen in Table 4.5. It can be seen that when the film gets to 9 layers it 
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is no longer possible to relate the percentage site occupancy to the data for the 8.49 
ML film from the occupancy of previous layers. This may be due to the fact that the 
film is becoming increasingly incoherent with the substrate at this thickness as is 
indicated by looking at the symmetry arolUld Es of the NIXSW profile of the 8.49 ML 
film in Figure 4.5 for both the Cu and Co2 PJn photoelectrons. 
Table 4.5. Layer by layer site registries needed to produce the figures in Table 4.4 
Layer fee hep atop 
1 80 20 0 
2 80 20 0 
3 20 65 15 
4 20 15 65 
5 50 30 20 
6 20 60 20 
7 45 35 20 
8 45 35 20 
9 0 -1 0 11 0 
4.2.3 NIXSW Summary 
The results of the NIXSW experiments show clearly that there is no simple 
film structure that wholly characterises the growth of ultrathin Co films on the Cu 
(111) surface. The growth during the early stages of film formation is complicated by 
island formation and the enhanced mobility of surface Cu atoms. NIXSW is unable to 
see the difference between island fonnation and layer by layer growth, and can make 
no distinction as to which layer the occupation of sites takes place in . The initial drop 
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in coherent fraction for the Co 2 P 312 NIXSW profile seems hard to reconcile with the 
Argand diagram site occupation for the first two layers which suggest 80% fee 
occupation and 20% hcp occupation. In the frrst layer an hcp film can begin with fee 
registry as well as hcp, so it is only in the second layer where it would begin to differ 
from an fee film structure. This means the frrst layer could be entirely in fee sites and 
it is only in the second layer where hcp sites are occupied. Because NlXSW only sees 
a global rather than local site occupation this could, depending on the exact 
occupation of each second layer site, still appear to be an 80% fee occupation and 
20% hcp occupation. The likelihood of islanding within the first three layers also 
complicates this matter. Because islanding will cause AES measw-ements to give a 
lower Co coverage than actually exists, NIXSW could be sampling sites in the 2 nd or 
3rd layer and associating these sites with a film of 1 ML thickness, which could again 
allow the 80 :20 split between fee and hcp sites even if the film is registered in 100% 
fee sites for the first monolayer. These factors allow the initial fall in Cr for the Co 2 
p312 to be simulated without disagreement with the Argand diagram programme. 
Both calculations and experimental data for the Cp ( 111) seem to indicate that 
the first 2-3 ML grow with an fee Co (1 1 L) spacing. This is also suggested by the 
Argand diagram programme for data obtained in the ( 1 1 1) reflection which also 
favOLLrs an fee site for the frrst 2 ML. After this the Cp indicates an increase in layer 
spacing which is consistent to a change to hcp Co (000 1) spacing. Even for the 
thickest film deposited of 8.49 ML (where any initial islands in the film wil l have 
coalesced) the film is not dominated by hcp stacking and contains almost equal 
amounts of fee, hcp and atop sites. This may have more to do with general disorder 
within the film rather than a lack of domination of one particular stacking sequence at 
this stage of the film. This will also be mentioned in conjectw-e with annealing studies 
carried out for thicker films during MEIS experiments. 
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4.3 MEIS studies of Co/Cu(lll) 
4.3.1 Experimental Details 
Medium energy ion scattering studies have been carried out on Co films with 
nominal thicknesses of 1.2, 1.7, 2.9, 4.8, 8.2, 20 and 20.2 ML. The film thickness' 
were calculated both by the ratio of the Co 656 e V and Cu 920 e V AES peaks as for 
the NIXSW experiments, and also by a semi-empirical calculation based on the 
stopping power of Co for 50 ke V ft ions at particular incidence and collection angles 
(see Appendix A). Both methods resulted in answers that differed by no more than ± 
0.5ML. The films were deposited onto a well characterised Cu (111) surface using a 
commercially built Caburn MDC evaporator. To orientate the crystal with respect to 
the analyser, spectra were first taken from a clean crystal so that a major channelling 
direction could be located and the crystal aligned. A copy of the stereographic 
projection for the MEIS set up at Daresbury Laboratory showing the major 
channelling directions and the polar and azimuthal angles between them can be seen 
in Figure 4. 15. 
MEIS data was taken in several geometries that would allow any change from 
fee to hcp structure to be observed. The scans were taken using 50 ke V ft ions which 
provided the best depth resolution available (because of the very similar masses of Co 
and Cu any attempt at mass resolution was implausible under any of the available 
experimental conditions). The incidence and collection geometries used can be seen 
in Table 4.6. Scans were taken beginning at a scattered ion collection energy of 50 
ke V down to an energy where it could be ascertained that the scattered ions were 
mainly from the substrate, usually at about 40 keV. The false colour maps of ion 
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intensity versus scattering angle obtained in this way where then ti led together and 
then sliced up into polygons to isolate the different areas of structure that could be 
seen in the scan. 
Table 4.6 Incidence and collection directions for Co/Cu (111) MEIS data 
In Out 
(100) (111 ) 
(122) (11 1) 
(1 00) (110) 
(100) (nonnal) 
For each of the scans, except those of very low Co film thickness, polygons 
corresponding to the first two layers were removed. Most of the scattering occurs 
from the first two layers and if this is not removed it wil l swamp the effects of the 
scattering from structure present deeper in the film. A correction for Rutherford back 
scattering was also applied to the sliced up data. This gives a plot of scattering angle 
against scattered ion intensity. The sliced up film was then compared with 
simulations carried out using tJ1e VEGAS code for the various experimental 
geometries. For Co the hcp (0001) unit cell required is the same as that for the 
substrate fee (111) and can be seen in Figure 4.14. Using this unit cell it is then 
possible to make models of a crystal with various stacking patterns up to whatever the 
required film thickness may be. The positions labelled as a, b and c, in Figure 4.15 are 
simply the three high symmetry sites on an fee (1 11) surface of fee, hcp and atop. The 
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crystal models themselves simply require the definition of at least two atoms per 
layer. 
Figure 4.14 Unit cell for fee (111)- hcp (0001 ) 
[2.11 ]fee 
Nearest neighbour fee Co(lll) 
hep Co(OOOl) 
2.soA 
2.51A 
x repeat 2.556 A 
y repeat 4.427 A 
X y 
a 0.000 2.952 
a 1.278 0.738 
b 0.000 1.476 
b 1.278 3.689 
e 0.000 0.000 
e 1.278 2.214 
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VEGAS also requires the input of beam parameters with which to simulate the 
ion scattering. The azimuthal and polar angles required for a particular experimental 
geometry for a (1 11) surface can be found by using the stereographic projection in 
Figure 4.15. The projection is set up looking outwards from within the crystal . The 
scattering angle over which the simulation is to be carried out can then be matched to 
those of the experimental data. A shadowing and blocking flux are also required . The 
simulation uses a Moliere potential, and the yield can be obtained in a layer by layer 
format. 
Simulations of Co films beginning at an, a (fee), type site were carried out. 
These simulations include those for a continued fee, fee twinned and hcp film. The 
simulations can then be fitted to the data with a non-linear regression. The non-linear 
regression can either have a constant, a quadratic or a cubic added to it, and it is most 
common to add a quadratic term. Fits in this case were multiplied using a cubic 
polynomial background, using a procedure standard for this instrument. A smal l 
constant offset was also found useful to account for disorder in the film. 
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Figure 4.15 The fee (111) stereographic projection for the MEIS experimental set up 
at Daresbury Laboratory 
~·· 
300 103 
The (1 00) in (111 ) out scattering geometry has a large channelling direction 
that is present for the three-fold symmetry of the fee (111) surface, but if the sample 
is rotated by 60° azimuthally a channel is only present if the surface has six-fold 
symmetry, which could be caused by either the formation of fee twinning, or a mix of 
the tenninations of the two possible hcp stacking patterns. 
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4.3.2 MEIS Results and Discussion 
One of the most useful sets of results for the MEIS data were those taken in 
the (1 00) in (1 11 ) out geometry. Tllis geometry was used to investigate films of 1. 7, 
4.8 and 8.2 ML thickness '. The LEED patterns for these film thicknesses gradually 
became more diffuse with increasing ftlm thickness but all still retained a ( 1 x 1) 
pattern. The scattered ion intensity versus scattering plots for these three experimental 
data sets can be seen in Figure 4.16(a) (for the 4 .8 ML and 8.2 ML fi lms the 
contribution to the scattering from the first two layers has been removed), along with 
a cut of the substrate for comparison, and fal se colour images of the films can be seen 
in Figure 4.16(b). As can be seen there is a considerable difference between the 4.8 
and 8.2 ML films and the substrate, whereas the 1.7 ML film appears to closely 
fo llow the substrate. Closer inspection of the substrate and 1.7 ML fi lms however 
shows that the main feature in the substrate at 54 o is considerably narrower than that 
found in the 1.7 ML film (see Figure 4.17(a) and (b)). The two possible stacking 
patterns for a two layer structure are ab, which is the start of an fee film and ac, the 
start of an hcp film. Simulations of these two possible structures are shown in Figure 
4.17(b) along with the 1.7 ML data cut. It can be seen that a mixture of these two 
possible structures would cause the broadening of the feature at around 54 ° from that 
of the substrate to that observed in the data. The best fit to the data was found to 
consist of 77% ab stacking and 23% ac stacking. Tllis appears to match the values 
found by NIXSW very well but some caution should be exercised in a straight 
comparison of the 80% fee, 20% hcp site occupation found by NlXSW as thjs 
averages the values over the whole of the film . There is also the problem that if 
islanding occurs MEIS will sample the structure that is present no matter whether 
there is intermjxillg of Co and Cu, whereas NIXSW will merely pick out the site 
occupancy of Co. MEIS can also be more insensitive to certain film structures in 
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Figure 4.16(a) Scattered ion intensity Vs scattering angle for Co films of 1. 7, 
4.2 and 8.2 ML thickness in the <100> in < 111> out geometry 
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Figure 4.16(b) False colour maps for (i) 1.7, (ii) 4.8, and (iii) 8.2 ML Co films in the 
(100) in (111) out experimental geometry 
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Figure 4.17 (a) Substrate and 1. 7 ML fi lm 
(b) 1. 7 ML film along with simulations of ab and ac stacking for 2 ML 
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particular experimental geomet1ies and in the (1 00) in (111 ) out geometry the 
experiment is relatively insensitive to fee type stacking. The two sets of figures 
obtained therefore cannot be directly compared without some thought. This gives us 
information about the stacking pattern but does not give any infonnation about the 
registry of the film with the surface. To obtain this registry a cut of 5 layers was 
sliced from the data using polygons which included three layers of the substrate. This 
is shown in Figure 4. J 8 along with simulations for the four possible structures 
beginning abc_. It can be seen from Figure 4 .18 that both tl1e simulations that contain 
abc.Q structure have dips at around 65° and 6r, where t11ere are no features in tJ1e 
data. This therefore suggests that tlle film contains abca stacking, which indicates that 
the film registry with the substrate is completely fee in nature. The best fit to the data 
obtained from these simulations contains 76% abcab (fee continuation of substrate) 
and 26% abcac (fee twinned or hcp film), and no contribution from abcba or abcbc 
wruch agrees well with the figures obtained for the film witl1 no substrate attached. 
The fit to the 4.8 ML film was created with both an unconstrained fit using the 
16 possible stacking sequences for 5 layers and also with the first two layers 
constrained to contain 80% fee occupation as found for the 1. 7 ML film and can be 
seen m Figure 4.19(a) and (b). Both methods provide a very good fit, the 
unconstrained fit is dominated by the two hcp stackmg sequences the constrained fit 
is much the same but contains some twinning. The percentage of each structure 
contained in the fits can be seen m Table 4.7. The 5 layer simulations are very 
sensitive to the starting parameters and contain an amount of data iliat is not relevant 
to the stacking normal to tJ1e (111) plane. Simulations of 3 layers were also carried 
out which contain more information that is purely due to the possible stacking 
sequences that are likely to occur nonnal to the substrate surface. These simulations, 
those for ab and ac pairs, along wifu tile 4 .8 ML film data can be seen in Figure 4 .20 
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(a). It can be seen that an a_a type structure, which will give both forms of hcp 
stacking, will give a dip at 60°, and an a_b structure, which will give fee twinned 
stacking, has a dip at 57°. 
Table 4.7 Percentage of each stacking pattern for 5 ML simulations present in 
unconstrained and constrained fi ts of 4.8 ML Co film. 
Stackin2: uattern Unconstrained fit Constrained fit 
ababa 4.9 12.4 
a babe 0.0 11.4 
abaca 23.9 20.3 
abacb 0.0 4.5 
ab cab 23.9 0.0 
abcac 0.0 0.0 
abcba 4 .0 0.9 
abcbc 35.7 30.4 
acaba 1.9 0.0 
acabc 3.6 0.0 
acaca 0.0 8.3 
acacb 2.2 0.0 
acbab 0.0 1.7 
acbac 0.0 10.1 
acbca 0.0 0.0 
acbcb 0.0 0.0 
In this experimental geometry MEIS is largely insensitive to a_c, or fee, type 
stacking as can be seen from the relative intensity of the simulations. The comparison 
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between these simuJations and the 4.8 ML data show that the dominant dip in the data 
is at 60° which is a signature of bcp stacking. There is aJso a dip at 57° which is the 
signature of an fee twin structure, but this dip is much weaker than that for hcp 
stacking. A best fit to the 4.8 ML fihn using these simulations can be see Figure 4.20 
(b). This same methodology can also be applied to the 8.2 ML film which it can be 
seen also possess features at 60° and 57°. The 8.2 ML film along with simulations can 
be seen in Figure 4.21 (a) the best fit from the same set of simulations to the 8.2 ML 
film can be seen in Figure 4 .21 (b). The ratio of aca to acb for the 4.8 ML ftlm is 
1.9:1.0 and for the 8.2 ML film is 2.2:1.0. This may show that the ftlrn tends more 
towards hcp stacking as the film thickness increases, but the ratios must be treated 
with some caution as the simulations do not take account of the increased 
illumination of atoms nearer to the surface of the film, so the fits will be biased 
towards the surface of the ftlm. The fits do however rule out the stacking being 
dominated by fee and fee twin domains, and suggest that the 3rd to 5th layers of the 
film are dominated by bcp stacking. Rotating the incidence geometry by 60° 
azimuthally (to a ( 122) in ( J 11 ) out experimenta l geometry) will show whether the 
fi lms have three-fold symmetry, or six-fold symmetry which could be caused by 
either the formation of fee twinning, or a mix of the terminations of the two possible 
hcp stacking patterns. This was carried out for the 8.2 .ML film and can be seen along 
with the data from the ( 100) in (11 1) out scan in Figure 4.22. As can be seen both 
films contain the same features and the only difference is the relative intensity for 
each scan which is caused by the slightly altered sensitivity to particular structures 
with this incidence geometry. This again seems to indicate that the f1lrn is hcp in 
nature at this stage. 
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Figure 4.21 Pairwise simulations along with data from 8.2 ML fi lm (a), 
and best fit to 8.2 ML fi tm obtained from these sirnulations (b) 
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Scans were also taken of Co films of 20 ML as ascertained by stopping power 
calculations (at this type of thickness AES calculations are not possible as the i.m.f.p 
of the substrate Auger electrons is considerably smaller than the thickness of the fU.rn, 
so no substrate signal can be obtained). By the time the film had reached this 
thickness no LEED pattern was visible. These scans were initially taken in the ( 1 00) 
in ( 11 0) out experimental geometry, which allows a greater sensitivity to structure 
lower in the film because of its steeper take off angle. This sample was then rotated to 
the (122) in (111) out geometry another scan taken and the film annealed to 300 oc 
before being rotated back to the ( 1 00) in ( 11 0) out geometry. The scan for the ( 1 00) in 
(110) out experimental geometry can be seen in Figure 4 .23 (a) along with cuts of the 
top and bottom halves of the film. The top and bottom half of the film can also be 
seen in Figure 4.23 (b) along with 3 layer simulations. It can be seen that the bottom 
half of the film contains bcp like structure shown by the feature at 76° which is 
caused by a _a type stacking. The feature at 90° is present in all the simulations and is 
due to a lining up with the substrate abc direction. It can also be seen that there is 
little order in the top half of the film. The effect of rotating by 60° to the ( 122) in 
(111 ) out and repeating this process can be seen in Figure 4.24 (a) and an expanded 
version of the top and bottom half of the film can be seen in Figure 4.24 (b). 
Comparing these scans also shows that there is little order in the top or bottom half of 
the film though the complete film shows a feature at 84 o which is a signature of an 
fee twin structure (see simulations in Figure 4.23 (b) (this experimental geometry is 
more sensitive to fee stacking)) . Figure 4 .25 (a) and (b) show the affects of annealing 
the film to 300 oc in the (1 22) in (111 ) out, and the (1 00) in (1 1 0) out geometry 
respectively for both the full film and the top and bottom half of each film. It can 
clearly be seen that all of the ftlm has now changed to a completely hcp structure. The 
increase in order can also be observed in the depth of the main features in the film 
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Figure 4.23 20 ML layer film in <11 0> in < 111> out geometry along with cuts of the 
top and bottom halves of the film (a), and top and bottom halves with bulk simulations (b) 
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compared to those for the lmannealed film. There is no evidence of alloying occurring 
at this aiUleal temperature. 
4.3.3 MEIS Conclusions 
MEIS studies suggest that Co films initially grow mth an fee registry. The 
film then has a mixture of fee and hcp sites in the second layer. Island growth 
however would cast some doubt over this figure. If islands are present then MEIS will 
be sampling areas of clean Cu substrate which is fee . The amount of fee present it the 
best fits to the 1 .7 ML data would therefore contain an lUlfeal.istically rugh degree of 
fee structure. By the time the film has reached 4 .8 ML the stacking has largely 
changed to hcp with a small amount of fee twin. The 8.2 ML film continues in this 
structure though there may be a tendency for the film to become more hcp in nature at 
the expense of fee twinned structure as is shown by the ratio between the hcp and fee 
tmn for the 4.8 ML and 8.2 ML films. By the time the film is 8.2 ML thick it has six-
fold, rather than three-fold symmetry which is again indicative of the formation of fee 
tmnning, or a mix of the terminations of the two possible hcp stacking patterns. 
Films of 20 ML seem to have a degree of hcp and fee twin structure but 
appear to be very disordered, which is also supported by the lack of a LEED pattern, 
and cuts of the top and bottom halves of the film suggest they become more 
disordered with increasing film thickness. Annealing the films to 300 oc considerably 
increases the order present in the films as can be seen by the increase in the depth of 
the features in the film. Annealing also causes the film to become completely hcp. 
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4.4 Co/Cu (111) summary 
There are slight discrepancies between the results obtained by NIXSW and 
MEIS that are due to the difference in the actual measurement made by each 
technique. NLXSW samples all of the Co present in the surface with one 
measurement, and samples all of the Cu in the surface in a completely independent 
measurement. MEIS on the other hand is unable to distinguish between Co and Cu 
because of the small mass difference between them, so both are included in any 
measurement that MEIS makes. 
MEIS suggests that the initial registry of the Co ftlms is completely fee, and 
there is a 25% deviation from fee stacking in the top Jayer of the J. 7 ML film. On the 
other hand for simi larly thin fi lms, NIXSW suggests that 20% of the whole fi~n is in 
an hcp site. If, as suggested in the literature, Co initially grows in islands capped by 
Cu, then at the 54.7° angle of incidence used for the (1 00) in (1 11 ) out experimental 
geometry, MEJS will be sampling clean areas of the Cu (111 ) substrate which is of 
course wholly fee in nature. MEIS will therefore appear to see a much greater degree 
of fee structure than is actually present and will attribute it to the Co film. The slight 
difference between the degree of fee stacking observed by the two techniques in the 
preliminary stages of the fi~ is perhaps a further indication that the fi~ initially 
grows in islands. If islands are formed they could be bi-layer or tri-Jayer, tri-layer 
islands would provide a better correlation with the results obtained here as they would 
reduce the amount of clean surface seen by MEIS. Fits to the MEIS data suggest that 
there is only deviation from fee stacking in the top layer of the fee ftlm. NIXSW does 
not show a significant fraction of atop sites at low coverages, but can have atop sites 
in the third layer if there is a significant occupation of hcp sites in the second layer. 
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For thicker films both techniques are biased towards the upper layers, MEIS 
because of the greater illumination of upper layers, and NIXSW because of the 
attenuation of the photoelectron signal by the film and also the escape depth of the 
photoelectrons. NTXSW suggests that the film loses coherence with the substrate with 
increasing film thickness as can be seen from the drop of the fee site occupation with 
increasing thickness, until the ftlm has almost equal occupation of the three possible 
sites. This could perhaps be caused by the presence of an fee twin . To create an fee 
twin requires a hcp stacking fattlt (a ea or aba) and then a tendency to local fee 
stacking (either abc or acb). This does not fit we Ll with the MEIS data. For both the 
4.8 ML and 8.2 ML films though a feature indicating an fee twin is present it is much 
weaker than the feature indicating hcp stacking, and by the time the frtm has reached 
8.2 ML it has changed from three-fold to six-fold symmetry. For the two three layer 
simulations that MEIS is most sensitive to in the (100) in (1 I 1) out geometry there is 
an approximate two to one ratio ofhcp (aca) to fee twin (acb). Site selection between 
a local fee and hcp site depends on the sma ll energy difference between the two sites 
and at room temperature it would be expected that there would be growth in both 
sites. Taking the MEIS result that a local fee site is half as likely as an hcp site it is 
possible to re-simulate the NIXSW Cr for Co 2p3t2 for the (1 1 1) reflection assuming 
registry entirely in "fee" sites. This can be seen in Figure 4.26 along with the actual 
data. The model weights all layers equalJy and asswnes layer by layer growth but is 
corrected for the cumulative reduction in layer spacing. Despite this being a very 
basic model it can be seen that the line fits the shape of the data reasonably well 
suggesting that a probabilistic selection of local site in different regions of the surface 
may well be valid. 
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Films of 20 ML thjck:ness appear to be largely disordered but annealing of 
these films to 300 oc considerably improves the order in the film and the film 
becomes entirely hcp . 
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4. Cobalt on Copper (111) 
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5.1 Introduction 
Iron is believed to grow pseudomorphically when deposited in suitably thin 
films on Copper (100) crystals. Several structural studies have lead to the conclusion 
that the iron forms a tetragonaUy distorted fee phase [1,2] despite the fact that bulk 
iron is bee at room temperatttre. Iron deposited on Copper (11 1) crystals has been the 
subject of a smaller number of studies (3]. These studies have shown that the initial 
growth at room temperature is pseudomorphic fee, and that as film thickness 
increases, there is a change to an epitaxial bee structure. The point at which this 
transition occurs is the subject of some discussion. Early studies using the forward 
scattering of X-ray photoelectrons [3) suggested a change in film stnrcture between 3 
and 6 ML, whereas LEED studies [4,5,6] had suggested that no structure change had 
occurred up to 5 ML. More recent studies suggest the transition may occur at lower 
coverages. A LEED/STM study of vicinal Copper (111) (7] shows a sudden reduction 
in film d-spacing between films of thickness 2.3 and 2. 7 ML which can be related to a 
change in film morphology. The authors suggest this may be due to a change between 
fee and bee structure. This study also suggested the possibility that the initial film 
growth is not layer by layer. A photoelectron diffraction study (8] has also suggested 
a transition that occurs at around 2 ML of Fe which can be modelled to an fee to bee 
transition. 
More recent investigations usmg STMII(V)LEED have suggested that the 
initial film growth is not layer by layer but that islanding occurs which may continue 
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witl10ut the coalescence of the film up to 5ML [9] . This study saw ridge like 
structures believed to be bee (11 0) domains in e-beam evaporated films of 5ML, but 
these were not present in films of the same thickness deposited by PLO which 
appeared to grow in a manner closer to layer by layer. This islanding has also been 
seen in an STM and photoemission study [10] which also suggests that, as with 
Co/Cu (111), that the deposition of the overlayer results in an enhanced mobility of 
tl1e Cu atoms in the surface leaving holes in the substrate after deposition. This study 
also suggested that tl1e Fe ridge ljke structures decorate the top of terraces in the 
substrate surface. High resolution images in this study also seem to show tl1at the 
island growth aligns itselfwitl1 the fee lattice. 
All the stuilies have reported that the films grow in the so called Kmdjumov-
Sachs orientation wruch means the overlayer has a [11 0] orientation witl1 the (1 11 ) 
azimutlm1 direction aligned with the (11 0) azimuth of the [1 1 1] surface and that the 
temperature at which deposition takes place strongly affects the film growth 
5.2 SEXAFS Studies of Fe/Cu (111) 
5.2.1 Experimental details 
The measmements were carried out using Beaml.ine 4 .2 of the Daresbury 
Laboratory SRS which was described earlier in Chapter 3. The Si (31 1) double crystal 
rnonochromator was used giving an energy range of 4000 - 9000 e V. Measurements 
were made at the Fe Kedge at 7112 eV using fluorescence detection with a gas phase 
proportional counter . 
89 
Chapter 5: Iron on Copper (111) 
The Fe frlms were deposited usmg a well outgassed, water cooled, 
commercial K-ceU which gave evaporation rates of the order of 0.2 MLmin-1• Films 
were deposited at temperatures between 300 and 350 K. Attention was paid to make 
sure that this temperature regime was adhered to as the literature suggests that 
substrate temperature can have significant effects for the initial film growth. 
Film thickness calculations were made usmg both AES measurements as 
described in Appendix A, and also a calibration to the surface EXAFS edge jump. 
The AES calibration was made using undifferentiated N(E) spectra (differentiated 
spectra can be seen in Figure 5.1) from the LMM transitions of both Cu and Fe. TI1e 
EXAFS edge jump is directly proportional to the amount of Fe present at the surface 
and is unaffected by the mode of film growtll i.e. whether the film grows layer by 
layer or there is island formation in the initial stages as has been suggested by other 
studies [7 ,9, 1 0]. The EXAFS edge jump was found to be in agreement with the film 
thickness calculated from the AES peaks with respect to the deposition time. This can 
be seen in Figure 5.2. 
EXAFS data was collected at nonnal incidence to the sample for film 
thicknesses calculated to be 1.2, 2 .7, 3.6, 5.2, and 7 .8 ML from AES scru1s with an 
error calculated to be± 0.5 ML. The data itself was analysed in the EXCURV98 [11] 
programme which has a multi-shell, multi-parameter fitting capability. The multi-
shell analysis was carried out using an imaginary potential of - 5 V, an amplitude 
factor of 0.7, and scattering phaseshifts calculated within the progrrunme. Effective 
coordination numbers were calculated by initially assuming an fee structure for all the 
fi lms and then averaging across all the atomic layers of the fiJm. For normal 
incidence on a Cu (111) surface the effective coordination nwnber will be reduced for 
thin films where the coordination drops at the surface of the film . The thin 1.2 ML 
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film therefore has a coordination number of 10.7 5 which tends towards the bulk value 
of 12 as the fihn thickness increases. 
5.2.2 SEXAFS Results and Discussion 
EXAFS for each of the films investigated can be seen i11 Figure 5.3, aJong 
with experimental EXAFS obtained from pure fee Cu and pure bee Fe. By simply 
compariJJg visually the EXAFS for 1.2 and 7.8 ML it can be seen that some change of 
structure has occWTed. The most noticeable difference in the EXAFS from Cu fee and 
Fe bee is in the fiist feature in each spectra, where the Fe bee shows double peaks at 
around 80 and I 00 e V whereas the Cu fee shows only a single peak. Closer 
comparison seems to indicate that the films up to a thickness of 5.2 ML have much 
the same structure highlighted by a single feature at just \mder 100 e V above the 
absorption edge, and also features at - 1 60, 200 and 240 e V which appear consistent 
with an fee environment. The EXAFS from the 7.8 ML Fe film seems to exhibit a 
double peak that suggests a change in the structure from fee to bee and this is 
supported by the gradual change in energy of the second feature of the fee film at 160 
e V which moves as the film thickness increases to around 180 e V which is very close 
to the second feature in the pure bee spectra. Even at 7.8 ML the spectra does not 
seem to consist purely of bee features. The third major peak in tbe fee spectra seems 
to still be present in the 7.8 ML at around 240 e V above the edge where as the 
corresponding bee feature is 20 e V higher. 
The results that can be seen for the EXAFS spectra are supported by the 
results obtained for the first scattering shell which can be seen in Table 5. 1 and also 
in Figure 5.4. For the first shell of a bulk copper sample the nearest neighbour bond 
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length would be expected to be 2.55 A which is very consistent to that obtained for 
the 1 .2 ML ftlm. 
Table 5.1 Nearest neighbour distances (Rl) and Debye-Waller factors (2cr2) 
obtained from EXCURV98 simulations ofFe/Cu (1 11). 
Coverage (ML) Rl (A) 2cr2 (A) 
1.2 2.55±0.03 0.012±0.004 
2.7 2.51±0.02 0.014±0.003 
3.6 2.51±0.02 0.0 J 6±0.003 
5.2 2.49±0.02 0.0 17±0.003 
7.8 2.48±0.02 0.01 7±0.003 
As the frJm thickness increases the nearest neighbour distance decreases 
slightly which is consistent with a decrease in d-spacing as reported by Ohresser et al. 
[9] . By the time the film thickness has reached 5.2 ML the nearest neighbour bond 
length has reduced to a value very close to the value of 2.48 A expected from bulk Fe 
(110), and by the time the film has reached 7.8 ML this value has been reached. 
The Debye-Waller factor, 2cl, whilst illustrating the amount of static and 
thermal disorder in the fi lms, is also strongly coupled with the coordination nwnber. 
As previously mentioned it is difficult to let both the coordination number and the 
Debye-Waller factor to be determined simultaneously for the quality of data obtained 
in surface studies. The Debye-WaUer factors were therefore investigated with the 
coordination number held fixed. The Debye-Waller factor for the 1.2 ML film is 
comparable with that for a bulk fee structure and, as can be seen from Figure 5.4, 
92 
2.60 
2.55 
2.50 
2.45 
0.025 
0.020 
,--.., 
N 
~ 
..._., 
N 
m 
N 
0.015 
0.010 
0 
Figure 5.4 Graphical representation of nearest neighbour distances (a) 
and Debye-Waller factors (b) obtained from EXCURV98 for Fe films 
with increasing fil m thickness 
(a) 
(b) 
2 4 6 8 
Coverage (ML) 
10 
-- - - - - -
Chapter 5: Iron on Copper (111) 
increases in step with the reduction in nearest neighbour bond length as the ftlm 
thickness increases. This could be due to increasing static disorder in the film or may 
be due to an actual reduction in coordination number. Bulk bee structure has a 
coordination number of 8, compared to a coordination number of 12 for bulk fee, and 
the change in the data appears to show this transition occurring at between 2-5 ML. 
Fitting the data in the 3-6 ML region with a bee coordination number produces a 
Debye-Waller factor of comparable value to those for the of the lower coverage 
spectra and reduces the Debye-Waller factor for the 7.8 ML fihn to 0.017±0.003 A, 
which is similar to that found in the thinner f:tlms but with fee coordination. One 
factor that would cause an initially low coordination nwnber is if, as seen by STM, 
the Fe film grows in islands. Though this is a possibility the initial coordination 
nwnber is quite high, which would mean the film would have to begin growing layer 
by layer for the first layer at least before islanding occurs. The coordillat.ion number 
would then be expected to increase at some point when the film begins to coalesce. 
This is not observed. If the film does grow in islands the AES measurement of film 
thickness would then become unreliable. MEIS studies reported on later in the 
chapter suggest that when islanding does occur the thickness measurement by AES 
can underestimate the film thickness by up to 50%. If this is true then the thickest 
film jnvestigated could be around 15 ML. 
Annealing of the 2. 7 ML film to 100 oc was found to improve the structure 
present in the film. This can be shown by taking the Fourier transform of the EXAFS 
scans for annealed and unannealed films. This is shown in Figure 5.5 along with the 
Fourjer transform fingerprints for bulk fee, and bulk bee for comparison. The 
unannealed film shows a clear nearest neighbour peak but the higher shells are not 
clearly visible. The annealed film shows that higher shells have emerged from the 
backgrOtmd noise, indicative of a much greater degree of order in the film structure. 
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The radial distribution ftmction suggests that the film is largely fee, though the shell 
at around 4.5 A appears to be shifted to a slightly higher value than the corresponding 
shell in the pure fee transfonn. This may suggest some bee structure in the film or 
simply a slight relaxation from the nearest neighbour distance of the substrate to that 
of Fe fee (111) or Fe bee (1 10). The Fourier transforms obtained from films that were 
not annealed are not as well defined and though they may show an fee type 
fingerprint significant noise is present. The possibility that the film has become 
alloyed with the substrate can largely be discounted. There was no noticeable change 
in the LEED pattern, or depletion in Fe thickness from the AES coverage calculation. 
Annealing studies carried out during MEIS studies, reported on later in this chapter, 
also suggest that alloying does not occur until around 300-350 °C. 
5.2.3 SEXAFS Conclusions 
Surface EXAFS have been used to investigate thin Fe films of between 1.2 
and 7.8 ML that have been deposited onto a Cu (Ill ) surface at room temperature. 
Films of less than 2 ML thickness appear to have a coordination number and 
interatornic spacing consistent with fee structure. A change in interatom.ic spacing 
begins to occur at a film thickness of arotmd 2-4 ML which is broadly in agreement 
with the results obtained by other workers [8,9] and this increase in interatomic 
spacing continues up until the 7.8 ML film where the structure of the film appears to 
be largely bee, with values of interatomic spacing consistent with this fact. The 
EXAFS spectra do not show that one structure is exclusively present in the 7.8 ML 
film and there is the possibility of mixed domains of fee and bee structure, or a more 
gradual transition in film structure. Annealing of the 2.7 ML film to - 100 °C has 
been shown to considerably improve the order in the film. 
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5.3 NIXSW Studies of Fe/Cu (111) 
5.3.1 Experimental Details 
Fe films were deposited onto a well characterised Cu (111) crystal at room 
temperature using a well outgassed K-cell that had previously been used for the 
previously reported SEXAFS experiments. The films were then annealed to ~ 240 oc 
to improve order within the film. After taking a wide range EDC (see Figure 5.6) 
shorter range EDC' s were taken over the Fe 2 P 312 and Cu 2 p312 photoelectron peaks 
(see Figure 5. 7) so that film thickness could be calculated for all the films deposited, 
and also over the Fe LVV Auger electron peak for the thicker Fe f!lms . The K-cell 
was nm under the same conditions as for the SEXAFS experiment, so the figures 
obtained for film deposition rate were compared between the two experiments. The 
Fe L VV peak was investigated for the thicker films so that possible non-dipole affects 
in the detection of photoelectron peaks during NIXSW scans could be accounted for. 
NIXSW scans were carried out over a 20 eV range at 0.2 eV steps, centred on the 
Bragg energy for a Cu (111) crystal. The Fe 2 P 312 and Cu 2 p3,2 photoelectron peaks 
were monitored for thinner films and also the Fe LVV Auger peak for thicker films. 
Unlike the NIXSW investigation of Co/Cu (11 1) the crystal was not cooled for this 
investigation, giving a Bragg energy of around - 2965 eV. 
5.3.2 NIXSW Results and Discussion 
NIXSW scans were taken for Fe coverages of between 0.5 and 5.3 ML with 
an average deposition rate in the region of 0.12 MLmin-1 (see Figure 5.8). This is 
around half the rate of deposition found with the same K-cell source for the SEXAFS 
experiment, it can only be guessed that the amount of Fe in the cell had become 
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considerably depleted. This was confirmed by the next workers to use the cell. 
Examples of the change in NIXSW profue for the Fe 2p312 photoelectron with 
increasing film thickness can be seen in Figure 5.9 (a) and (b) along with the best fits 
associated with these profiles. These fits were generated in exactly the same manner 
as described for the Co2 P 3t2 photoelectron in Chapter 4. A Q value of0.15 was again 
used within the fitting programme to account for non-dipole affects in collection of 
the Cu 2p312 photoelectron NlXSW profile as described in Chapter 4. A deternlination 
of the Q value as described in Chapter 4 gave an average value of 0.26±0.02 for Fe 2 
p312 obtained using parameters obtained from the Fe LVV Auger peak, and a value of 
0.26±0.02 was also obtruned by stepping through Q values sequentially as shown in 
Figure 5.1 0. The results of the NJXSW scans for each absorber atom for both (111 ) 
and (l ll ) reflections can be seen in Table 5.2. The coherent position for the Cu and 
Fe 2 p3, 2 photoelectrons in the (lll) reflection mirror each other almost exactly with 
increasing film thickness as can be seen in Figure 5.1l(a). The coherent position for 
the Cu 2 p3, 2 photoelectron is slightly higher than the interlayer spacing of the 
standing wave, gjving a spacing of 1 .01 ±0.02 (2. 10±0.04 A), the Fe 2 P 3t2 
photoelectron spacing is smaller than this by an average of - 0.045 (0.09 A). This 
gjves an average interlayer spacing for Fe in the ( lll ) reflection of 0.965±0.02 
(2.03±0.4 A) which is the interlayer spacing that would be expected for an Fe ( llO) 
bee growth [4]. Unfortunately it is also witrun the limit of the errors for tl1e Fe 
interlayer spacing to be 2.07 A which is tl1e spacing expected for an Fe (111) fee 
growth. Also the affect of an interlayer spacing different to that of the bulk is 
cumulative, so if the spacing was 0.09 A smaiJer in the first layer it would be 0.18 A 
smaller in ilie second layer and so on, and ilie actual Cp seen would be the weighted 
average of fuese values. The fact fuat this is not observed may indicate that a 
considerable amount of 2-d islanding exists throughout the film even when fue film 
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has reached 5.3 ML. There is no obvious increase in the difference between the Cu 
and Fe 2 p312 coherent position in the (lll) reflection with increasing ftlm thiclmess 
and both Fe (111) fee, and Fe (11 0) bee film growth may be present. 
Table 5.2 Cp and Cr obtained by experiment witl1 increasing film thickness 
Film 
T hickness Reflection ~ Fe2p F~LVV 
(ML) Cp Cr Cp Cr Cp Cr 
0.50 ( 111) 1.00 0.89 0.95 0.86 
(-I l l ) 1.00 0.91 0.98 0.83 
0.64 ( 111 ) 1.02 0.87 0.97 0 .75 
(- I l l ) 1.0 1 0.83 1.01 0 .69 
0.93 ( Ill ) 1.0 I 0 .91 0.97 0 .78 
(-I l l ) 1.02 0.88 1.01 0 .72 
1.26 (I ll ) 1.00 0 .88 0.96 0.76 1.0 1 0.72 
(-11 I) 1.03 0.84 1.03 0.54 1.03 0.55 
1.60 (-1 I I) 1.02 0.93 1.0 I 0.69 
1.80 ' ( I I I) 0.98 0 .84 0.95 0.66 0.98 0 .6 1 
1.80 ( Ill ) 1.00 0 .93 0.95 0.83 0.95 0 .79 
2.60 ( I I I ) 1.0 I 0.91 0.97 0.7 1 0.98 0.69 
(- I l l ) 0.93 0.78 0.94 0.62 0.94 0 .55 
5.30 (I ll ) 1.02 0.89 0.97 0.73 0.94 0 .69 
(-I l l ) 1.00 0.8~ 0.84 0 .13 
N.B Film tluckness value annotated With an astenx md1cates a film tJ1at was 
not annealed. The underlined structural parameters for tl1e 5.3 ML Cu 2 p312 
are estimated from previous scans due to an error in the signal gained by 
experiment. 
The coherent positions a I so mirror each oilier in ilie ( 1 11) reflection (see 
Figure 5.11(b) up until around 2.6 ML where the Cp for Fe begins to dip to a value of 
0.84±0.02 of the bulk layer spacing for Cu (111) (i .e. 1.77±0.04 A). Up until this 
point however there is only a small cumulative difference between the Cp of Cu and 
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Fe and the asswnption that there is a larger drop relies on the validity of one point. 
Tnis point was not actually obtained from the Fe 2 p312 photoelectron profile. It was 
obtained using the Fe LVV profile using estimated values for Eb, and cr values for Cu. 
As such it may be safe to give less weight to fuis point than others in the data set. 
With this point taken out the coherent position again does not favour a particular film 
structure. Conversely, the fit to the data for the Fe L VV is fairly good, with a cbi 
squared value of only 0.02. As can be seen from tl1e actual NIXSW profile generated 
for the Fe L VV the film at this stage appears to be almost incoherent, so a noticeable 
change in the coherent position may be viable, though whether this would cause such 
a large change in the Cp of the whole film may be questionable. 
The change in coherent fraction for botl1 absorber atoms in the ( 1 11) 
reflection with increasing film thickness can be seen in Figure 5.12(a) and 5.12(b). In 
the (Ill) reflection the Crfor the Fe 2 PJ/2 drops gradually over the range of the data 
which may be more indicative of increasing disorder rather than any change in 
structure. The Cr for the Cu 2 P312 remains constant as would be expected. For the 
( 111) reflection the Cu again remains constant whereas the Fe Cr begins to fall off 
almost immediately. The last point, which suggests that there is a rapid fall off, is 
again the point found from the Fe LVV NlXSW profile using estimated Eb, and cr 
values. The shape of tbe NIXSW profile suggests that the film is becoming incoherent 
so a low coherent fraction would be expected at tllis point, so this may be an 
argument for including this data point for both fue Fe 2 p3;2 ( i 11) coherent position 
and fraction. 
It is not quite as easy to sinmlate the Cp and Cr for Fe/Cu (111) as it is for 
Co/Cu (111) as the unit cell for each does not share the same dimensions. The registry 
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of a bee ( 11 0) film sitting on an fee ( 111) substrate cannot s imply be described in 
tenns of the high synunetry sites on the (111) surface as was possible with the Co/Cu 
(111) system. Thin layers of Fe on Cu (1 11) are known to adopt the so called 
Kurdjumov-Sachs orientation which means the Fe overlayer has a [110] orientation 
with the (1 11 ) azimuthal direction aligned with the ( ll 0) azimuth of the [111] 
surface. This means as the film moves away perpendicularly from the (11 0) azimuth 
the surface mesh of the substrate and film become increasingly incommensurate and 
are difficult to describe in tenns of one another. It is still possible to use the Argand 
diagram programme that was used for the NIXSW data in Chapter 4 for thin films of 
Fe as they should maintain some registry with the substrate at least up until the point 
where a transition to 3-d growth occurs, and possibly up to whatever point the 
structure begins to be bee dominated. Fits using both fee, hcp and atop sites were 
made and fits also made with fee, hcp, atop and mixed hollow sites. Examples of 
these fits can be seen in Figure 5.13. The mixed hollow site will exist when the filin 
begins to become bee but will be equivalent to a two-fold bridge site in the fee lattice. 
The coherent position and fraction in the ( 111) for a bridge site and a mixed hollow 
site are: 
Bridge site 
Mixed hollow 
z( lll) = z(111 )/3 + d(l11 )/2 = 0.83 (1. 73A) 
and Ct(lll) = C!(lll)/3 
z(l ll) = z(l ll)/3 + d( lll )/2 = 0.83 (1.73A) 
and Ct(lll) = Ct(lll )/2 
The break down of site occupation can be seen in Table 5.3. It can be seen 
from the table that no matter whether the mixed hollow sites are used or not that the 
film maintains a sinlllar site occupation up until the 2.6 ML film when there is a 
marked change. The bridge sites and the mixed hollow sites have the same Cp in the 
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Figure 5.13 Examples of Argand diagram fitting programme results for Fe films 
plotted against the real and imaginary axes. The corresponding site occupations 
can be found .in Table 5.3 
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( 1 11 ) but the hollow sites have a higher Cr and as such it is difficult to use both 
within the fitting parameters as both vectors are in the same direction and the vector 
with the larger Cr will always be likely to predominate. 
Table 5.3 Breakdown of the Fe 2 P 312 photoelectron N1XSW results for the Clll ) 
reflection into site occupation. 
Film 
Thickness fee h9! atop Mixed Bridge TotaJ (%) 
(ML) hollow 
0.50 88 12 
-
-
- lOO 
o.so· 75 - 4 21 100 
0.64 88 3 9 - - 100 
0.64" 84 - 10 5 - 99 
0.93 90 2 8 
-
- 100 
0.93" 82 - 11 7 - 100 
1.26 75 6 19 - - 100 
1.26" 66 - 19 14 - 99 
1.60 88 3 9 - - 100 
1.60* 81 - 11 13 - 105 
2.60 74 28 
-
- - 102 
2.60• 62 19 - 21 - 102 
5.30 40 39 22 - - 101 
5.30* 31 32 22 15 - 100 
N .B coverages ruUlotated wtth an aster!X were fitted with no hcp sites. 
Because it is thought that Fe continues to grow in islands up to a coverage of 
over 5 ML the exact meanmg of a mixed hollow site in films of under 1 ML is not 
completely straightforward. STM data [1 0] has suggested that at coverages of 0.5 ML 
may include islands or stripes of 2-3 ML in height. Taking this into account then 
genuine bee mixed hollow sites may exist even at coverages that seem to contradict 
this possibility. This would also account for atop sites being occupied in films that are 
lOO 
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apparently under 1 ML in thickness. An atop site can exist in tl1e tl1ird layer, so tl1is 
may indicate that islands of at least 3 ML in height exist even at this stage. There is 
also the strong possibility that at this stage that tl1e Argand diagram fits to the data 
using hcp site occupation are more valid than those using tl1e mixed hollow sites. As 
was a possibility with the Co films, the Fe film may be completely registered in fee 
sites in the first layer and beyond but tl1is is difficult to ascertain with NIXSW 
because of islanding, and the possibility that non fee sites are occurring higher up in 
islands. By the time the film reaches 2.6 ML there is a clear shift away from fee sites 
and by tl1e time the film has reached 5.3 ML the occupation of fee sites has reduced 
still furtl1er and tl1e occupation of tl1e oilier sites increased. The move towards a 
ltigher mixed hollow site occupation may suggest that a larger degree of bee structure 
is present in taller islands. Even at 5 ML STM images seem to suggest that tlle film is 
still made up of islands which may be up to 7+ ML in height. This could allow tl1e 
coexistence of both fee and bee structure in different islands. If the film does grow in 
a preferential growili direction as suggested for 0.5 ML films by STM then it is not 
unreasonable to propose from STM images and the assump6on of a KS type 
orientation iliat the films grow in fee sites along the (11 0) direction. If tlle films grow 
laterally from this direction tl1ey will sit approximately in either bridge or atop sites 
for the first four sites in eitl1er direction before finding an hcp hollow. Tltis may 
provide a means of registering the bee film with tl1e fee substrate and may mean 
mixed hollow and atop sites are valid in a description of tl1e film by the time it 
reaches 5.3 ML. 
101 
- ----- ---
Chapter 5: Iron on Copper (11 1) 
5.3.3 NIXSW Conclusions 
NIXSW studies sbow that there is a change i.n film structure that begins when 
the ftlm reaches around 2.6 ML and continues at least until the ftlm reaches a 
thickness of 5.3 ML. Argand diagrams suggest that to begin with the films are largely 
registered in fee holJow sites but as the film thickness increases this changes to a mix 
of fee hollow, hcp hollow, atop and mixed hollow sites. These registries in thicker 
films may indeed be genuine or may just be a result of the frlm becoming 
incommensurate with description by fee sites, stacking faults, or may just be where 
smaller islands have begun to coalesce into larger islands rather than any change to 
bee type structure. TI1e Cp in the (1 11) plane appears to mirror that of the substrate 
but although it appears to initially match the spacing of bee (11 0) Fe at 2. 03 A, within 
errors could be either that of fee (I 11) or bee ( I I 0) Fe. The layer spacing of the 
substrate itself appears to have relaxed from 2.08 A to 2.10 A over the depth sampled 
by NIXSW (approximately 8 ML). The Fe 2 p312 (111) Cp remains constant 
suggesting that there has been no wholesale change in structure by 5.3 ML, it may 
also indicate that a large percentage of the Fe film is still in the fee structure and that 
the Cp is only reduced by bee structure in taller islands. The Fe 2 p312 Cp in the ( 1 I 1) 
does appear to have dropped considerably by the time the fi lm reaches 5 .3 ML but the 
large value of the drop down to 1.77 A is not a value associated exclusively with 
either an fee or bee fi lm structure and may have more relation to the possibility of 
complicated island growth than to simple film structures, which would become more 
apparent in the ( 1 11) direction. When the film does change to occupying a mixture of 
fee, bep, atop and mixed hollow sites then this would cause a considerable change in 
the Cp in the (I I I) direction and would also reduce the Cr considerably at the same 
time, which can be seen in the data for the ( 111) reflection. This could again indicate 
a change of structure that begins to occur in taller islands. STM studies [9) suggest 
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that ridge like bee structure begins to fonn at around 2 ML which could be the cause 
of the initial change in the NIXSW site occupation. STM also suggests that by the 
time the film gets to 3.5 ML and above that there are a considerable amount of these 
ridge like structures present which is also supported by the change in site occupation 
seen by NIXSW at 5.3 ML. At the maximwn thickness observed by NIXSW it would 
appear that the film has still not coalesced and contains a mixture of fee and bee 
structure. 
5.4 MEIS Studies ofFe/Cu (111) 
5.4.1 Experimental details 
Medium energy ion scattering studies have been carried out on Fe films with 
nominal thickness' of 5.0, 7.4, 8.0, 9.4 and 12 ML according to AES calculations 
using the Fe 651 eV and Cu 920 eV peaks (Figure 5.14), and approximately a factor 
of 1.5 thicker according to semi-empirical stopping power calculations (see Figure 
5 .15). The films were deposited onto a well characterised Cu (111) crystal using an e-
beam evaporator built in the Physics Department at Loughborough University. As 
with previous experiments to orientate the crystal with respect to the analyser, spectra 
were first taken from a clean crystal so that a major channelling direction could be 
located and the crystal aligned. 
Experimental data were taken mainly in a single geometry for this system. 
The incidence and collection geometries used are shown Table 5.3. Almost all of the 
most useful data were taken in the (100) in 0 11 ) out geometry. Scans were taken in 
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Figure 5.14 AES scans for deposited films of Fe on a Cu (111) surface for 
a clean surface, a thin Fe film and a thick Fe film. 
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Figure 5.15 Fe film thickness versus exposure time for MEIS experiments by AES 
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same way as described i.n Chapter 4, and data analysis also carried out in the way 
previously described. 
Table 5.3 Incidence and collection directions for Fe/Cu (lll) MEIS data 
In Out 
(100) (11 1) 
(122) (111) 
45° incidence (1 1 1) 
bcc(lll) (111 ) 
nonnal (111 ) 
(211 ) (111) 
To carry out simulations using the VEGAS code a new llllit cell for the Fe bee 
(110) surface needs to be defined and also the relative substrate positions in that unit 
cell. The bee unit ceU can be seen in Figure 5.16. Because the x-axis of the unit cell 
lies on a mirror axis, it can be defined using a right handed set of coordinate axes 
without causing any problems to the symmetry of the simulations. The bridge sites 
included in the unit cell are not sites that would be expected to occur in a bulk bee 
structure. They may however provide a means of registering a bee film with an fee 
swface. The bridge sites also provide a means of providing stacking faults in the film 
during simulations. 
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Figure 5.16 Unit cell for bee (110) 
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For the Fe/Cu (111) system it is also important to include scattering from the 
substrate in any simulation. For the Co/Cu (111) system this ctid not require any 
change in the unit cell on which the simulations were based. For the Fe/Cu (11 L) 
system however, if scattering from the substrate is to be taken into accotmt then the 
lmit cell for the substrate defined in Chapter 4 must be redefmed in terms of the bee 
(11 0) cell. If the overlayer has a [11 0] orientation with the ( 11 J) azimuthal direction 
aligned with the ( 1 l 0) azimuth of the [Ill] substrate then this is equivalent to 
rotating the unit cell for the substrate by 5.25 ° as can be seen in Figme 5.17. 
Figure 5.17 Alignment offcc (11 1) and bee (111) tmit cells 
y repeat -
4.427 A 
fee (1 11) (1 TO) azimuth 
y repeat -
4.050 A 
bee (110) 
x repeat - 2.556 A x repeat - 2.864 A 
Srcc = tan-1(4.427/2.556) = 59.98° 
ebcc = tan-1(4.05012.864) = 54.73° 
:.ll(9rcc -ebcc) = 5.25° 
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Defming these positions in tenns of the (11 0) unit cell gives the following 
positions for the fee, a,b, and c sites (a, b, and c are the positions defined for the fee 
unit cell in Chapter 4, Figure 4.14, and are not the same as the A, B, and C for the bee 
unit cell) : 
~ y 
a 2 .286 2.940 
a 1.205 0.852 
b 2.421 1.470 
b 0.935 3.790 
c 0.000 0.000 
c 1.070 2.322 
Experiments were carried out over the various experimental geometries for 
increasing film thickness. The 12 ML (according to AES) film was also investigated 
in the same ( lOO) in (111 ) out geometry after anneals of between 100 and 250 °C (in 
50 oc steps) to see the affect that annealing had on film order. After this study all 
other films deposited were then annealed to at least 200 °C. One of the films was 
annealed to 350 oc which appears to have alloyed the film. This alloying was visible 
in a change in the LEED pattern and also difficulty in cleaning the crystal . This 
persisted to a level where the crystal eventually had to be replaced. 
SimuJations were carried out for films of 5 layers of Fe beginning in an A type 
site. It was postulated that it was tm.likely that, C, and, D, type sites would be present 
in the same film, this also kept the number of possible simulations down to a 
manageable level. Simulations were run for the three possible domains in which the 
Fe could line up with the substrate. The same process was then repeated for 5 layers 
of Fe with 3 layers of Cu below it to give the effect of scattering from the substrate. 
The films were set up such that the Fe film had fee type registry with the Cu 
substrate. 
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5.4.2 MEIS Results and Discussion 
Tl1e affects of annealing the Fe films can be seen in Figw-e 5.1 8. The amount 
of order in the film clearly increases considerably as can be seen by the improvement 
of the featw-es at 52°, 58° and 62°. Heating to 350 °C appears to cause the film to 
alloy wltich causes a change in the LEED pattern , resulting in extra spots being 
observable armmd those expected from the (1 xl ) substrate pattern. The literature 
suggests [4,6,9] that in suitably thick layers of Fe/Cu (111) that there should be a 
change in the LEED pattern in which satellite spots are observable about the (l x l) 
spots if there is a change to bee (11 0) structure. A schematic of the pattern expected 
from the three Fe domains in the Kurdjumov-Sachs orientation can be seen in Figure 
5.19. 
F igure 5.19 LEED pattern expected from a Kurdjumov-Sachs type orientation of Fe 
bee (1 10) domains (larger circles are from the Cu (111) substrate) (a), and LEED 
pattern obtained on suspected alloying {b). 
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Figure 5.18 Affect of annealing temperature on film order 
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Though the patterns appear very similar it should be noted that these are merely 
schematics of the features observed. All of the spots in the actual observed LEED 
pattern were on a very diffuse background and the spots outside of the Cu (111) 
pattern were only just visible by changing the energy. Points in favour of the 
argument of alloying are a similar pattern that was obtained during the SEXAFS work 
reported on earlier in this chapter. A crystal with several Fe layers deposited on it was 
accidentally annealed to 650 oc when there was a problem with the ion gtm used for 
Ar+ sputtering cycles. The LEED pattern. obtained was almost identical to the one 
seen here. After annealing to 350 oc an AES scan was carried out and revealed that 
the amount of Fe had dropped from 7.4 ML to the equivalent of less than 1 ML, this 
strongly suggests that the Cu and Fe have intermixed and the Fe has gone into the 
surface of the crystal . At 650 oc there can be no doubt that an alloy was formed, this 
was fhrt:her illustrated when trying to clean the respective crystals after both the 350 
oc and 650 oc anneals, even after several cleaning cycles Fe reappeared in AES scans 
as soon as the crystal was annealed and the crystal eventually had to be replaced. A 
similar pattern was also observed for the 12 ML (AES) Fe film on which the 
annealing studies were carried out. The pattern occurred when the sample had been 
annealed to 300 °C. The spots outside of the (1 x 1) were not visible but the two 
elongated spots inside the pattern were both clearly visible at an energy of 187 e V. 
The film annealed to 300 °C also required several cycles of cleaning, but AES scans 
showed no depletion of the amount of Fe at the surface immediately after annealing 
and eventually it was possible to remove the Fe to a satisfactory level, this may 
suggest that the onset of aUoying occurs somewhere armmd a temperature of 300-350 
°C. Other workers in the field have reported that the KS orientated pattern can be 
observed at around 5 ML [6,9], and Kief et al.[4] report an almost identical LEED 
pattern to that observed for the alloyed film for an 8 ML Fe film, these patterns 
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however were obtained by simple room temperature deposition with no anneal. The 
MEIS data however seems to suggest that this pattern may not be completely 
associated with bee (110) growth. On a qualitative level there is obviously a change 
in the structure in the 350 °C annealed film resulting in an slight shilling of the main 
feature of the scan which begins in the unannealed filins at around 54° (where it 
would be expected from a pure fee film) and moves towards 52° (where it would be 
expected in a pure bee film) with increasing anneal temperature, before moving back 
towards 54 o in the suspected alloy film. The features are close enough to those in the 
pure fee film that they may have been caused by a sljght contraction in the 
interatomic spacing from a fee Cu (Ill) distance to a fee Fe (111) or bee Fe (11 0) 
distance. There are also two features that are also present in the filins armeaJed up to 
150 oc, and then rusappear which could be an indication that there is some fee 
structure present in the unannealed film. Features at around 59 ° and 61 o are present 
in both pure fee and bee simulations so could be argued as the emergence of fee 
features or better order within a bee film. The emergence of fee features would be an 
indication of pseudomorphic growth, but this would not lead to any of the problems 
experienced in clealling the crystal . The MEIS spectra for the 350 oc annealed film 
along with simulations for a pure bee (11 0), ABABA type stacking, and a pure fee 
(111) film, abcab type stacking, in the same experimental geometry can be seen can 
be seen in Figure 5.20. No such changes in LEED pattern were observed for any of 
the other annealed films, the patterns simply became more ruffuse as the film 
thickness increased. 
Simulations over the three possible domains for the (100) in (1 1 1) out 
experimental geometry for slices through the data that included the full Fe film can be 
seen in Figure 5.21 for each film thickness data set taken in this geometry, at the 
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Figure 5.20 Alloyed film with pure fee (1 11) and bee (110) simulations 
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Figure 5.21 Best fits obtained from simulations of the three possible domains 
of Fe for the <100> in <lll> out experimental geometry to the highest temperature 
annealed data for each film thickness. Fits were obtained by simulating 5 layers ofF e. 
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highest anneal temperature used on each film. The alloyed film is also included. The 
best fits generated were from a non-ti.near regression to the 31 possible stacking 
sequences for a 5 ML thick bee Fe film. The interlayer spaciog used for the 
simulations was that of fee Fe (111), 2 .07 A (changing the spacing by 0.01 A was 
found to change the angle at which feahrres appear by - 0.1 °). The thickness of each 
film is given, both obtained by AES, and that obtained from the MElS stopping 
power calcuJati.on. As can be seen from Figme 5.21 good fits can be obtained using 
scattering fi:om on ly bee type sites. The fits themselves were not dominated by any 
particular stacking sequence but in general contained a lot of AB and A_A type 
stacking intem1pted by stacking faults of C or D type sites. The only scans for which 
the fit is poor are the 5 ML film where there is little structure visible after the main 
feature at 54°, and that for the 7.4 ML fitm annealed to 350 oc. The fit for the same 
film annealed to only 200 °C shows a much better fit and indeed has much clearer 
structure. Simulations were also run for an 8 ML ftlm, with 3 ML of fee Cu ( Ill) 
below 5 ML of Fe to try to reproduce some of the effect of scattering produced by the 
substrate. The 3 substrate layers had the Cu fee (111) interlayer spacing of 2.08 A, 
and were arranged so that the Fe film was registered in an fee l10Uow. The 
simulations and the best fits to annealed films can be seen in Figure 5.22. These fits 
are clearly not as good as those obtained with purely bee type sites. This is not very 
SW"prising as the simulated crystals were defined using the bee tmit cell and therefore 
the bee x and y repeat distances. Even though the fee positions have been identified 
relative to this cell this is only valid within the first cell. The fee unit cell has different 
x and y repeat distances so would not retain the same registry if the ceiJ was repeated 
across the surface. 
To see if any fee structure was present in the early stages of the thicker films, 
cuts were taken of the 9.4 ML (AES) ftlm annealed to 300 °C, in which the most 
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Figure 5.22 Best fits obtained from simulations of the three possible domains 
of Fe for the <1 00> in <111> out experimental geometry to the highest temperature 
annealed data for each film thickness. Fits were obtained by simulating 3 layers of 
fee Cu ( I 11 ) underneath 5 Jayers of bee Fe (1 1 0) 
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pronounced structure is visible, in which only the first two layers of the film were 
isolated. This can be seen in Figure 5.23 (a) and along with cuts that include the 
entirety of the same fzlm The false colour images obtained for the film can be seen in 
Figure 5.23 (b). It is quite obvious that there is no difference between the structure 
contained in both films and that both consist mainJy of bee type sites. This is quite 
surprising as one would expect that the fee substrate would make a considerable 
contribution to the scattering when the film is this thin . It also suggests that when the 
film does become dominated by bee structure then this becomes apparent through the 
entire film. It may be that the Fe flim above this slice is having more affect than the 
substrate as in this particular geometry the experiment is both relatively insensitive to 
fee type stacking, and very much more sensitive to structure in the upper layers of the 
fi lm. The experimental scans themselves were only taken down to an energy where it 
could be observed that most of the scattering could be reliably associated with the 
substrate. There is an inherent problem when looking at films of atoms that have a 
similar mass to those in the substrate. As there is no real way of separating the atoms 
by mass, the only way of separating film and substrate is by looking for a change in 
structure, or if there is some reliable none MEIS based film thickness calculation for 
comparison. If a film does grow in a pseudomorpbic manner then this change of 
structure will not be exactly at the film/substrate interface. It is also difficult to 
ascertain at which point a change of structure occurs with a submonolayer accuracy. 
The change of structure will inevitably be likely to be seen 1 or 2 layers above where 
the actual change took place when there is enough ftlm in the new structure to 
noticeably affect the scattering. Given all of this it is perhaps not surprising that there 
is no fee structure visible in the thin slice of the film, as there can be no certainty that 
the slice is in the first 2 ML of the Fe film, where pseudomorphic growth is thought to 
occur. If there was fee structure present it would still be difficult to be certain that it 
was in the Fe film rather than from substrate that had been included in the cut. Figure 
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Figure 5.23 Experimental data from full Fe film annealed to 300 °C, from 
a cut through the the same data taking only the 1st two mono layers of the fi lm 
and from the substrate. 
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5.23 (a) does however appear to show a slight shift to lower scattering angle in the 
position of the features between the 2 layer and full film cuts. This may be due to a 
relaxation in d-spacing to that of bee Fe as the film grows thicker. It can be seen that 
the main feature in the two cuts of the Fe film occur 1.5 to 2° lower in scattering angle 
than the main feature in the substrate. Th.is is consistent with structure from bee and 
fee films respectively. Cuts of 2, 5 and 15 layers were also taken from the thin, 5 ML 
tmannealed fi lm. For this fi lm both MEIS and AES agree on the fi lm thickness . 
Because the film is thin it is therefore far easier to isolate a desired cut of the ftlm 
with confidence that it does not include the substrate. The result of tbjs can be seen 
can be seen in Figure 5.24 (a) for the 5 ML fihn with the scattering due to the first 2 
ML of the film removed, and the associated false colour images in Figure 5.24 (b). As 
can be seen there is almost no difference between this 5 ML cut and the substrate up 
to the main feature in the substrate at 54° for both before and after annealing to 
200°C. After this there appears to be no visible stmcture in the film. The feature at 
54° suggests that some degree of pseudomorpbic growth has occurred. Thjs may just 
be that the film at tbis point is growing with an fee Cu ( 1 1 1) nearest neighbour 
distance. The presence of on ly two dips suggests that there isn ' t a great deal of order 
in the film at th is stage which could be a result of the film still being mainly made up 
of islands that are a mix of fee and bee crystallites, so there is not a great deal of long 
range order. Also at the angle of incidence for this geometry if the fi lm still consists 
of mainly islands then the experiment will also be seeing areas of clean fee substrate 
which will bias the results towards an fee film. There is very little difference in this 
experimental geometry between the simuJations for a pure fee (J l 1) structure and that 
for a pure bee (1 l 0) structure (including all three possible domains). The only real 
difference is the major bee feature appears at around 2° less than the feature in the fee 
film and is also less broad than the corresponding fee feature. If the Fe film grows at 
first with an fee Cu ( 111 ) spacing it seems that the difference in features between fee 
113 
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Figure 5.24 Unnannealed and annealed cut of 5 ML film (with first two 
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and bee will move even closer together and make any change in structure harder to 
distinguish. Indeed at first glance it would appear that the only difference between 
film and substrate cuts is the higher degree of order present in the substrate due to the 
fact that the crystal has been grown at high temperature ratl1er than deposited by 
thennal evaporation at room temperature, however closer inspection reveals that the 
changes in shape of features are constantly present between substrate and fiJm 
scattering spectra. 
An intennediate film of thickness 7.4 ML by AES (1 1 ML by MEIS) seems to 
show a change of structure that occurs upon annealing of the film (Figure 5.25 (a) and 
(b)) . The unaru1ealed film shows exactly the same features as seen in the 5 ML ftlm 
with dips corresponding to an fee dominated structure, whereas the annealed film 
shows considerably more order and although the scattering angle at which features 
occur is compatible with fee type structure, with the exception of the feature at 61 o, 
the shape of the main feature is much more comparable with the sharper feature 
observed in bee type stacking. indeed the higher shoulder of the feature at 54 ° in the 
annealed film occurs at just over 55°, whereas the corresponding shoulder for the 
substrate occurs at around 58°. In pure simulations the fee feature with a minimum at 
54 o has a width of around 8° whereas the corresponding bee feature has a width of 
around 2°. The feature present in the film has a width of around 4° suggesting that it 
is not entirely bee or fee but a mixture of the two. The aru1ealed scan over the 
complete scattering angle range looks identical to that in Figure 5.23 for the first 2 
ML of the 9.4 ML film. This may suggest that the 9.4 ML ftlm stiU contains some fee 
structure. The fact that the film changes stmcture on annealing may suggest that the 
threshold for coalescence of the island structure had almost been reached at this film 
thickness, and the extra mobility of atoms provided by annealing just pushed the film 
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over tlus barrier causing the film to become bee whilst stiJJ retaining an fee 
interatomic spacing. 
Some idea of the general stacking that occurs in the films can be found by 
finding which dips are associated with which small stacking units as shown in 
Chapter 4. For the bee structure over the range of scattering (see Figure 5.26) 
observed in this geometry it can be seen that the only sequences that provide two 
features at around 47° and 54°, as seen in the 5 ML film, are BD (hollow followed by 
bridge site) or AD (atop followed by bridge site), and the main feature in these two 
simulations is at 52° rather than the 54° feature in the data cut. These two stacking 
sequences are not ones that would be expected to occur in nature. These simulations 
were carried out with an fee (111) Fe interlayer spacing of 2.07A., changing this 
spacing did not improve the similarity between data and simulation. Simulations of 
fee stacking sequences (Figure 5.27) using the fee unit cell, provided two suitable 
candidates which were ac (fee hollow followed by atop (hcp stacking)) or ab (fee 
hollow followed by hcp hollow). These simulations can be seen along with the 5 ML 
film in Figure 5.28 (a). The only simulations that provide a dip at 54° are a_c or ab, 
straight fee stacking. Simulat:ions of 3 layer stacking patterns, in eitl1er bee or fee, 
provided not only the two dips seen in the data cut but also others after the main 
feature at 54°. The ab fee simulation appears at first glance to follow the shape of the 
data fairly well. A fit to tl1e film using all fue possible 2 layer and 3 layer simulat:ions 
can be seen in Figure 5.28 (b). This fit is dominated by fee stacking, and as can be 
seen provides a reasonably good fit to the data. The main two components in the fit 
are fee ab (fee stacking) with 33%, and fee a_a (hcp stacking) witll 20% which again 
suggests that the film is fee dominated at this stage. The fact that none of the 
simulations seem to be able to reproduce the exact scattering observed may be 
another fact in favour of the argument that Fe grows in islands beyond a 5 ML 
11 5 
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Figure 5.26 Pairwise simulations for bee stacking sequences in the < lOO> 
in <1 1 1 > out geometry (only some of the possible simulations have been 
included, all 3 layer simuJations gave features after 54 °) 
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equivalent thickness. The results of canyin.g out a similar process for the 7.4 ML film 
after it has been annealed (Figure 5.29 (a)) shows that a best fit can be achieved by a 
mixture of bee and fee stacking. This stacking is dominated by bee B_B (simple bee 
stacking) from two of the three possible domains which accounts for around 50% of 
the stacking, 25% being made up of fee sites, and the remaining 25% made up of 
small contributions from the remaining patterns. The same process was carried out for 
the 12 ML film annealed to 250 oc and gave very similar results. This can be seen in 
Figure 5.29 (b). The mixture of fee and bee simulations suggest that though there has 
clearly been a change in the dominating stacking sequence between films of less than 
5 ML and those greater than 8 ML that in both regimes both structures are still 
present to some extent. 
5.4.3 MEIS Conclusions 
MEIS studies seem to suggest that fee structure dominates films up to around 
5 ML and that the film becomes dominated by bee structure at around 8 ML. It may 
be possible to induce the change of structure in fi lms close to this threshold by 
annealing to 200 °C. This may be due to the coalescence of islands within the film. 
When the dominating structure within the film changes it would appear that this 
changes throughout the film, though this does not mean that this is the only structure 
present. Though fllms can be differentiated into those possessing fee or bee type 
features, simulations show that there is not perfect stacking within the film to either 
an fee (111) or bee (1 1 0) type fJ.lm, this could be due to disorder within the film or the 
presence of residual amounts of both fee (1 11) and bee (1 1 0) structure in the film. 
Unfortunately no data was taken for very thin films to alJow the regjstry of the films 
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with the surface to be ascertained. Annealing to 350 oc wouJd appear to cause 
alloying of the film with the substrate. 
5.5 Fe/Cu (111) Summary 
All three techniques utilized appear to show that in their early stages Fe films 
maintain a registry with the fee surface. The growth of the film at these early stages 
does not however appear to be a simple continuation of the fee lattice. This may be 
due to island rather than layer by layer growth, allowing both fee and bee areas of 
film to coexist within islands. All three techniques suggest that with increasing 
thickness a change of film structure of some sort occurs. Perhaps the only way to 
compare the thickness of films deposited for each experimental technique is to use the 
AESIXPS thickness calculations which should at least have been taken under be 
reasonably comparable conditions. The change in structure clearly contains bee (11 0) 
like features but as wouJd be perhaps be expected does not provide a completely 
ordered overlayer film, and residual fee structure within these films cannot be 
discounted, and indeed seems probable. Both SEXAFS and MEIS seem to suggest 
that at 5 ML and below the film is dominated fee type structure, but at coverages of 
around 8-9 ML the film contains mainly bee type structure. MEIS also suggests that 
when the fllm becomes bee dominated, as seen in the 9.4 ML film annealed to 300 
°C, that this domination of the structure is seen all the way down to the film/substrate 
interface. Tills may be an indicator that the islands in the film have coalesced. This 
wouJd perhaps explain the 7.4 ML film investigated by MEIS wltich shows fee 
structw-e when it has not been annealed which changes to bee after a 200 oc anneal. If 
the film is just at the threshold at which the islands coalesce, annealing may just 
provide the extra energy needed for coalescence to occw-. The film at this point has 
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fee spacing and the shape of the features suggests that there is still some fee structure 
present. NIXSW suggests that some change in structure begins at a film thickness of 
around 2 ML and until tbis point the fiJm is largely fee in nature. It is unfortunate that 
MEIS data was not taken for filins tllis thin so that some comparison, and hopefully 
some idea of the registry of the film, could have been obtained. The change in 
structure observed at 2.6 ML may just be an artifact of the island growth and gradual 
change from 2D to 3D growth of the film, or may be due to a difference in stacking in 
taUer islands on the surface. STM studies [9] have previously suggested that ridge 
like bee structures begin to become apparent on top of fee islands at coverages of 
around 2 ML, and begin to become predominant at between 3.5-5 ML, where NTXSW 
also sees a progression of the change tl1at began at 2 ML. The NIXSW technique 
itself struggles to give useful information when the film growth is not layer by layer. 
In the case of Co/Cu (1 1 l) island growth onJy occurs to a height of 2-3 atoms so can 
be accounted for, in the case of Fe however the degree of island growth is much more 
pronounced, and hence more difficult to make allowances for. The technique does 
show a change in structure at thickness' consistent with those men6oned in the 
literature but it is very difficult to ascertain what the structure has changed to. The 
degree of order in films can be greatly increased by annealing to around - 250 °C 
which can be seen both by SEXAFS and MEIS from the enhancement of features 
already present in the spectra. Also from the MEIS experiments tllls ordering causes a 
change from fee to bee spacing in the film. Alloying may begin to occur at around 
300-350 °C. 
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5. Iron on Copper (111) 
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6.1 Introduction 
The structure of Manganese on Copper (111) has been the subject of very few 
surface structural investigations. Manganese itself has interesting crystallographic and 
magnetic properties [1] . At room temperah1re a.-Mn is exillbits paramagnetic behaviour. 
Heating to 727 oc induces a transition to ~-Mn for which there is no indication of 
magnetic ordering [2]. Both of these phases have complex cubic structures with 58 and 
20 atoms per unit cell respectively. Further heating to 1095 oc produces y-Mn phase with 
an fee structure. A face centered tetragonal structure has however been reported in room 
temperature Cu-Mn alloys which closely resemble the fee Mn phase. Further heating to 
1133 oc produces a o-Mn phase which is bee. Both y and o phases cannot be stabilized at 
room temperature. A possible route for producing these phases at room temperature is the 
epitaxial growth of Mn on single crystal substrates. The y-Mn phase has a lattice constant 
of 3.86 A and a nearest neighbour distance of 2.73 A [3], compared with fee Cu which 
has a lattice constant of 3.61 A, and a nearest neighbour distance of2.55 A. 
Most investigations that have been can·ied out of Mn/Cu have been on the Cu 
(1 00) surface [ 4-9]. Mn is known to fonn an ordered c(2x2) surface alloy at a coverage of 
0.5 ML. This alloy exillbits a large outward relaxation of the Mn atoms which is beyond 
that which can be explained by simple atomic radius arguments. It is believed that this 
relaxation may be due to the magnetic state of the Mn atoms in the alloy. Investigation in 
to the surface structural properties of Mn/Cu (1 00) by LEED, MEED (medium energy 
electron diffraction), and AES [8] has shown that there are a number of possible 
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structures depending on the temperature of the substrate and tbe thickness of the film 
deposited. This study also reports the island growth of films of thickness greater than 1 
ML for films grown at substrate temperatures of above 270 K. Another notable result 
observed in this study was swface alloy forma6on for deposition at 270 K. 
6.2 NIXSW studies ofMn/Cu(lll) 
6.2.1 Experimental details 
NIXSW studies were carried out on Mn ftlms deposited on to a well ordered Cu 
(111) crystal surface at room temperature (using a well outgassed K-cell). Film thickness 
was quantified using XPS and also compared with the rate obtained in photoemission 
studies canied out on Cu (1 00) using the same deposition source. It is well known that 
Mn forms a c(2x2) structure at a thickness of 0.5 ML [4-9] . For the photoemission 
studies this structure was fanned a number of times by gradually adding 30 second 
exposures of Mn until the c(2x2) structure was observed by LEED. Tbis gave an average 
of 5±0.5 mins to fonn the LEED pattern giving a deposition rate of O.l±O.OlML min-1. 
The time taken for the c(2x2) to disappear was also recorded. This happens at a coverage 
of - 1 ML, it took an average of 10±0.5 minutes for the pattern to become unobservable 
again suggesting a deposition rate of 0 .1±0. 01 ML min -l. 
After deposition one film was annealed to 200 °C. A study of the affect of 
annealing temperature with coverage was also carried out which resulted in a diffuse 
R30°(...J3x..J3) structure being observed by LEED. Thjs study involved the deposition of 
Mn in 2 minute exposures up to a total deposition time of 1 0 minutes. After each 2 
121 
--------- - -- - - - - - -
Figure 6.1 Wide range EDC for a clean Cu (111) surface (a), 
and a Cu (11 1) surface with 4.61 ML ofMn deposited (b) 
(a) 
500 1000 1500 
Energy (eV) 
2000 
Mn 2 p312 
Mn 2 p112 
Mn 1 s 
2500 
......... 
V> 
.._. 
·a 
;:J 
~ 
.P 
:0 
.... 
<( 
'-.../ 
Cl) 
.._. 
§ 
0 
u 
......... 
V> 
."';::! 
5 
c 
CIS 
.P 
:0 
.... 
$ 
~ 
c: 
;:l 
0 
u 
Figure 6.2 Short range EDC's over the Mn 2 p312 (a), and Mn L VV (b), along with 
choices of ON and OFF energies for each. 
12000 
ON 
10000 (a) 
8000 
6000 
4000 
OFF 
2000 
0 
2300 2310 2320 2330 2340 2350 
Energy (eV) 
22000 
ON 
20000 (b) 
18000 
16000 
OFF 
14000 
12000~--------L-------~---------L ________ J_ ______ __ 
560 570 580 590 600 610 
Energy (eV) 
Chapter 6: Manganese on Copper (111) 
minute deposition the sample was annealed to 300 oc for 5 minutes, al lowed to cool to 
around 50 °C, and the LEED pattern checked. This means tbat each 2 minute deposition 
was carried out with a substrate temperature of around 50 °C. This process was carried 
out again from beginning to end to check that the result was reproducible. As with 
previous NIXSW studies a wide range EDC was taken (Figure 6 .1) followed by shorter 
range EDC's over the Mn 2 P3rz and Cu 2 PJ/2 (Figure 6.2) and also over the Mn LVV for 
thicker films. The NIXSW scans were carried out over a 15 eV range io 0.2 eV steps 
centred on the Bragg energy of the Cu (1 11 ) crystal. The Mn 2 PJn and Cu 2 P3t2 
photoelectron peaks were monitored for thinner films and the Mn L VV peak was aJso 
monitored for thicker films to obtain a Q factor for Mn. For these studies d1e substrate 
crystal was not cooled giving a Bragg energy of ~ 2965 e V which is comparable with the 
energy seen in previous studies with the same crystaJ. 
6.2.2 NIXSW Results and Discussion 
NIXSW scans were taken for Mn coverages of between 0.51 and 4.61 ML with an 
average deposition rate in the order ofO.l±O.O I ML min·1 (see Figure 6.3). Examples of 
the change in NIXSW profile for the Mn 2 p3t2 photoelectron can be seen in Figure 6.4 
(a) and (b) aJong with the associated best fits . These fits were generated in the same 
manner as described in previous chapters. A Q value of 0. J 5 was again used for the Cu 2 
p3, 2 photoelectron fitting asymmetry parameter and a detennination of the Q vaJue for the 
Mn 2 p312 as described in previous chapters gave an average vaJue of0.26±0.2 (see Figure 
6.5). The results of the NIXSW scans for each absorber atoms for both the (J 1 1) and 
(l 11 ) reflections for the Lmannealed films can be seen in Table 6.1. Results for the 
annealed films can be seen in Table 6.2, and the LEED pattern obtained can be seen in 
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Figure 6.9(a), (b) and (c). Graphs of the evolution of Cp and Cr with increasing film 
tillckness can be seen in Figure 6.6 (a) and (b), and Figure 6.7 (a) and (b) respectively. 
Table 6.1 Cp and Crobtained by experiment with increasing film thickness 
Film 
Thickness Refl~tion ~ Mn2o MnLVV 
(ML) Cp Cr Cp c, Cp c, 
0.51 ( Ill) 1.01 0.84 1.07 0.59 1.08 0.53 
(- I ll) 1.00 0.78 0.87 0.07 0.87 0.07 
0.82 ( Ill ) 1.02 0 .86 1.0 1 0.53 I 14 0.55 
(-11 I ) 1.02 0 .87 0.81 0.03 1.06 0.06 
1.03 ( Ill ) 1.02 0.6 1 1.03 0.80 1.06 0.72 
(-Ill ) 1.01 0.80 1.02 0.09 1.20 0.18 
1.03• ( Ill ) 1.04 0.83 1.13 0.56 1.1 5 0 .52 
(-11 I) 1.02 0.82 1.08 0.25 0 .90 0 .30 
1.38 ( 11 I) 1.02 0 .87 1.14 0.48 1.1 5 0.47 
(-1 I I) 1.02 0.86 0.77 0.05 1.00 0.06 
1.93 ( I l l ) 1.00 0.89 1.16 0.33 1.24 0.38 
(-Ill ) 1.00 0.87 1.1 3 0.03 1.06 0.07 
(-Ill ) 0.94 0 .79 0.78 0.21 0.81 0 .09 
2.89 ( If I ) !.00 0.82 1.25 0.45 1.05 0.42 
(-!! I) 0.98 0.76 1.21 0.07 1.1 3 0.06 
3.02 ( I I I) 1.03 0.82 1.40 0.17 1.42 0.14 
(-11 I) 1.03 0 .87 1.1 7 0.16 1.18 0.21 
3.02" (-I ll ) 1.00 0 .75 1.30 0. 1 l 1.22 0.03 
4.61 {I ll ) 1.02 0.84 1.35 0.23 !.40 0.26 
(-Ill ) 0 .99 0 .85 1.09 O.o9 l.OJ 0. 1 I 
N.B Film thickness values annotated w1tb an astenx indicates film annealed to 
200 oc 
The unannealed films show that there is little change in Cp for the Cu 2 p312 with 
increasing film thickness for either the (Ill) or (111) reflections. For the Mn 2 P3tz in the 
(111) reflection the Cp begins at around 1 .07±0.02 (2.21±0.04 A) which is consistent with 
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Chapter 6: Manganese on Copper (Il l ) 
the layer spacing for an Mn fee (111) structure 1.08 (2.23 A). This could be due to initial 
island formation or an immediate surface alloy formation as reported by Flores et al [8] 
for deposition on a substrate at above 270 K. As the film thickness increases to 1.38 ML, 
the Cp increases to - 1.16±0.02 (2 .40±0.04 A). This can also be achieved by annealing the 
1.03 ML film to 200 °C. Studies of the Mn/Cu (1 00) surface have suggested that a 
corrugation of the surface occurs pushing out Mn atoms by a distance of around 0.30 -
0.38 A from the rest of the surface. If such a corrugation also occurs in tl1e (111) plane 
then this could explain tl1e change in Cp to - 1.16, though any corrugation that did occur 
would be averaged by ilie XSW technique so would be seen as considerably smaller than 
ilie maximum height above the rest of the surface . Also this corrugation has onJy been 
seen on the Cu (1 00) surface, and for temperatures below 270 K where tl1ere is no 
interdiffusion between substrate and overlayer. Because the affect of a change in the Cp 
is cumulative it is also possible that there are islands on the surface of more ilian one 
atomic layer in height, for example the cumulative effect of dtree ML high islands would 
be the average of coherent positions of 1.08 for the frrst layer, 1.16 for the second layer 
and 1.24 for the third . This would give an average Cp of 1.16, which would also be 
consistent with the data (Cp is actually closer to 16 .66 if attenuation of lower layers is 
taken into account). The maximtun value that the Cp takes in the (11 1) reflection in any 
of the scans is 1.40 which is consistent with 8 layers of fee (111) Mn when the weighting 
due to each layer is taken into accotu1t (see Figure 6.8(a)) . The average Cp would of 
course be more heavily weighted to the most outmost layers in the film whose 
contributions to the Cp are not so attenuated as those from layers further down in the film. 
The discrepancy between the measured layer thickness and the thickness calculated from 
the maximw.n Cp may be evidence of islanding occurring in the film or possibly 
interdiffusion between fue film and substrate. The affect of the cumulative Cp for each 
layer along with the Cp bas been calculated and is shown in Figure 6.8(b). Also on the 
same plot is the calculated Cp assuming the degree of islanding that would be required for 
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Chapter 6: Manganese on Copper (1 11 ) 
t11e Cp of 1.40 to be seen for a 4.6 1 ML film. If the studies of Mn/Cu (1 00) are correct 
tben it is quite possible that Mn and Cu intermix when deposition occurs at room 
temperature. NIXSW cannot see whether this has occurred for the Mn but would expect 
to see some increase in the Cp for the Cu 2 P 3t2 if intennixing had occurred. No such 
change is observed, though the Cp for the Cu 2p3, 2 is slightly above the bulk fee Cu (11 1) 
layer spacing. If there is any intermixing it is therefore probably very limited. On 
annealing a 1.03 ML film to 200 °C the Cp for the Cu 2p3t2 does increase in the (111) 
reflection to 1.04±0.02 which may indicate some intermixing has taken place. The Cp in 
the ( 111) for the Mn 2 P 3t2 is more difficult to interpret. The Cp starts at around 0.80 (1.66 
A) but seems to fluctuate between this value and around - 1.15 (2.38 A) depending on 
film t11ickness with no particular pattern. This may simply be due to disorder, represented 
by a very low Cr value, or may be the result of two equally weighted sites, which if 
present in equal ammmts would give a Cp of - 1. If the difference between these two sites 
were half the fee Cu (111) layer spacing then this would g]ve a Crvalue in the ( Ill) of 
zero. The djfference between the two Cp values is very close to half the substrate layer 
spacing and so would be expected to give a Cr close to zero. The Cp value obtained from 
the Mn L VV fluctuates between these values but not necessarily in step with those 
obtained from the Mn 2 p3n from the same scan. This may be explained by tlle very low 
Cr value associated with the scans in the ( 111) reflection, which is also visible in the 
shape of the NIX SW profiles (see Figure 6.4 (b)), suggesting that tllis fluctuation is due 
to an incoherent film rather than two sites. 
When the R30°(.Y3x.YJ) reconstruction IS seen the Cp in the (111 ) reflection 
increases to somewhere between 1.21±0.02 (2.50±0.04 A) and 1.36±0.02 (2.82±0.04 A). 
The standing wave extends several IIDcrons into the substrate, and the signal obtained 
from the Cu 2 p312 photoelectrons even at the maximum energy during an NIXSW scan 
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will only have an inelastic mean free path in the region of 8 ML [10] . In the (111) 
reflection the c;) for the Cu 2 p312 remains tbe same for both the annealed and unannealed 
films so any surface reconstruction that has taken place has not involved a change in 
layer spacing in the ( 111) plane. This suggests that on annealing the Cu atoms in the 
swface have moved both perpendicular, and parallel to the surface. If the Cu atoms have 
moved perpendicular to the surface by between 0.21 (0.44 A) and 0.36 (0.75 A) then a 
simple triangulation of position means they must have moved parallel to the surface by 
between 0.15 (0.3 1 A) and 0.03 (0.06 A) if the Cp in the (T 11) reflection does not 
change. 
Table 6.2 Cp and Cr obtained by experiment for films with R30°(...J3x...J3) LEED pattern 
.Film 
Thickness Reflection Cu2p Mn2p MnLVV 
(ML) Cp Cr Cp Cr Cp Cr 
August 99 (Il l ) 1.36 0.83 1.47 0.38 !.54 0.43 
(I ll ) 1.3 1 1.00 1.38 0.59 1.54 0.53 
(-Ill ) 1.04 0.67 1.05 0.39 1.04 0.25 
April99 (Ill ) 1.21 0.80 1.30 0.51 
(- Ill ) 1.02 0.70 1.02 0.46 
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Figure 6.9(a) Schematic of R30°("V3x--.f3) LEED pattern observed in annealing studies at 
300 oc 
0 0 0 
0 0 
0 0 
0 
The actual pattern observed was much more diffuse than that shown in the 
schematic, but the inner spots couJd be seen with changing energy. An attempt was made 
to photograph the pattern using the digital camera available on station 6.3, the image 
produced was of poor quality but can be seen in Figw-e 6.6(b). The fact that the pattern 
was fairly diffuse may suggest that the pattern was not only a result of a reconstruction of 
the ftrst layer of the Cu but may have gone further into the surface. The surface mesh 
required for substrate and overlayer for this LEED pattem to be observed can be seen in 
Figure 6.9(c) 
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Figure 6.9 (b) Digital image ofLEED pattern obtained for R30°(.../3x.../3) reconstruction 
128 
Chapter 6: Manganese on Copper (11 1) 
Figure 6.9(c) Surface mesh for overlayer and substrate for R30°('hx-'h) LEED pattern 
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Tllis reconstruction of the Cu lattice at the surface suggests that an alloy has 
formed on annealing to 300 °C. There are two possible stable bulk CuMn alloys 
mentioned in tl1e literature [11], tl1e copper gold structure Cu3Mn, and CusMn. A copper 
gold type structure has been seen in. MEIS studies of Sb overlayers on Cu (1 11 ) [1 2] 
which also saw a R30°('hx...J3) reconstruction on annealing of 1 ML to 305 °C. A 
R30°("J3 x...J3) reconstruction is commensurate with a surface where exactly one third of 
the substrate atoms have been substituted by absorbate atoms. LEED however picks out 
the average long range order in a system so it is possible for a LEED pattern 
characteristic of an ordered overlayer to be still seen for coverages of down to a half of 
the nominal 0.33 ML coverage if ordered surface islanding occurs. This could also allow 
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an overall CusMn alloy to be present as local mixtmes of Cu3Mn and Cu, and produce a 
R30°(--.f3 x--.f3) LEED pattern. The LEED pattern itself is quite diffuse which may suggest 
that the reconstruction is not the only type of structure present in the surface, or the 
surface is fairly disordered. The reconstruction was observed after a total of 1 ML of Mn 
was deposited, if the alloy fonned is Cu3Mn then one would expect Mn atoms to take up 
one quarter of the sites in each monolayer of the alloy. If one monolayer of Mn has been 
deposited then the alloy could persist 4 layers into the Slllface, and if a Cu5Mn alloy is 
formed then the Mn would be expected to diffuse six layers into the smface. This should 
be observable in the Cp of both the Mn 2p3t2 and Cu 2p312. The Cp of the Cu 2p3t2 changes 
to between 1.2 1 ±0.02 and 1.36±0.02. The first of these values Cp was obtained with a far 
sharper LEED pattern than the one observed in Figme 6.9(b) and the fits to the NIXSW 
profiles (see Figme 6.4(c)) had a much lower chi-squared value for the error. Taking the 
Cp value of 1.21±0.02 (2.50±0.04 A) if we assume that when the alloy is formed, that 
over the depth of the alloy the Cu atoms assume a Mn fee (111) layer spacing of 1.08 
(2.23 A), then taking the photoelectrons generated by the standing wave to come from a 
depth of 9 ML, one can average over the Cp contributions over this depth (the 
contribution from lower layers begins to become so small as to have no real affect on the 
Cp after 9 ML). Doing so for the Cu3Mn alloy composition with 4 layers of Mn fee (11 1) 
spacing and 5 layers of Cu fee (1 11) spacing gives a figure of 1.12 (2.33 A). Doing so for 
the Cu5Mn alloy composition with 6 layers of Mn fee ( 111 ) spacing and 3 layers of Cu 
fee (111) spacing gives a figure of 1.24 (2.58 A) which seems to suggest that a Cu5Mn 
alloy is the more likely composition of the two in terms of the reconstruction of the Cu 
fee lattice (see Figure 6.10), or at least that the reconstruction causes a change in the 
(111) d-spacing down to arOtmd 6 layers. The Cu 2P3t2 Cr value remains much the same 
as before the reconstruction as would be expected. Looking at the Cp for the Mn 2p312 the 
value in the (11 1) reflection ranges between 1.29±0.02 (2.67±0.04 A) and 1.47±0.02 
(3.04±0.04 A). Again the lowest value of the Cp is associated with the sharper LEED 
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more accurate NJXSW fit to the data. Performing a similar weighted average as for the 
Cu 2p3,2 Cp for 4 layers of diffused Mn gives 1.21 (2.52 A) where as for 6 layers diffused 
Mn gives 1.31 (2. 72 A) which again appears to favour a Cu5Mn aHoy composition. To 
create a R30°('J3x--h) LEED pattern Mn atoms must occupy the sites in the overlayer 
mesh shown in Figure 6.9(c). This is commensurate with a Cu2Mn structure rather than 
either of the two structures discussed so far, but thls does not necessarily discOtmt both of 
these structures. It is not unreasonable to suggest a structure in which the first layer 
contains the CuzMn structure and then alternate layers of pure Cu and then Cu2Mn persist 
into the surface. If this structure continues for 5 layers (3 layers Cu2Mn, 2 layers Cu) with 
the Cu still separated by the fee M.n(111) spacing then the Mn spacing for 5 layers would 
be the average of the 151, 3rd and 5th layer weighted accordingly. Though the alloy 
composition created would still be Cu5Mn this increases tl1e Cp for the Mn drastically. 
For the Cu3Mn composition to exist with a layer of CuzMn at the surface would require a 
mixture of 3 Cu2Mn layers and 1 pure Cu layer. This would also give a higher Cp in the 
(111) direction than that originally calculated for 3 layers of diffused Mn. In the bulk 
state Cu.Mn alloys containing a small percentage of Mn fonn random substitutional alloys 
with Mn maintaining the maximum possible separation between atoms. The surface alloy 
fonned may therefore not be one of the stable alloy structures. The Cr for the Mn 2p3n 
ranges between 0.38 and 0.59, and the value associated wiili the better LEED pattern is 
0.51 . In the (111) reflection a Cr of less than 1 is usually associated with disorder within 
the surface, if an alloy is fonned however then there may be more than one spacing in the 
(111) direction which would reduce the value of Cr. If thls is so it should be present in the 
Mn 2PJI2 Cp and Cr in the ( 111) reflection. 
The Cp of boili the Cu and Mn 2p3n in the (111) reflection ranges from 1.02±0.02 
(2.11±0.04 A) to 1.05±0.02 (2.17±0.04A), with the Cp for both Cu and Mn for the sharper 
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LEED pattem being 1 .02 . The Cc for the Cu 2P312 is 0.7 suggesting that any 
reconstJ"uction that has occurred in the Cu lattice in the (111) reflection hasn' t greatly 
affected the (111) lattice which as previously mentioned means the Cu atoms must have 
also moved parallel to the surface. A simple triangulation of shows this parallel 
movement must be of between 0.15 (or 0.31 A) and 0.03 (or 0.06 A) to allow the Cp in 
the ( t 1 t ) reflection to remain unaltered. The larger parallel movement is that associated 
with the better LEED pattern. A lateral movement of atoms in the surface of a Cu2Sb 
alloy [12] has also been observed along with the increase in layer spacing in the (111) 
direction. In the case of the Cu2Sb alloy this was attributed to a stacking fault which 
moved all the surface atoms across into hcp hollow sites. The c;, for Mn 2p312 appears to 
suggest that the Mn atoms sit in fee sites on the Cu ( I 11) surface, but this may be slightly 
misleading. Looking back at the data for unannealed films it can be seen that t11e c;, of the 
Mn 2p3,2 fluctuates between 0.80±0.2 and around 1.20±0.02 which may indicate two 
possible sites. This does not disagree with the Cc for the (111) reflection for the Mn 2p312, 
but it seems unlikely if there are two sites in the unatu1ealed film that their relative 
occupation would fluctuate with increasing fibn thickness, and that the c;, would vary 
between the Mn 2p312 and the Mn LVV. The Argand diagram fitting programme also 
suggests that the Mn sits mainly in fee sites ( - 90% fee and - 10% atop or 80% fee, 5% 
hcp and 15% atop depending on whether the Cr of the Mn or Cu 2p312 is used) as can be 
seen from Figure 6.ll(a). Attempts to use to equally weighted sites for the (111) 
reflection resulted in very poor fits to the data, or fits that required an unphysical site 
occupancy (i.e. much larger or smaller than 1 00% total occupancy). A fit using the Mn 
fee (11 1) spacing was also very poor (see Figure 6.11 (b)). The fluctuation in the Cp in the 
( 1 11) is also reflected in the quality of fits obtained which in some cases are an order of 
magnitude poorer than those obtained for Co and Fe data. So it is perhaps safe to asstune 
that the Mn atoms sit in one site and the low Cr is merely due to disorder in the film. 
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6.3 Mn/Cu (111) Summary 
Room temperature deposition of Mn on Cu (111) produces an Mn film with a 
spacing in the ( I 11 ) direction consistent with that for an Mn fee phase. The film itself 
contains a considerable amount of disorder. For films up to 4.61 ML there is no change in 
structure and the film gradually loses coherence with the substrate. It is has been reported 
that Mn grows in islands on Cu (1 00) surfaces at temperatures above 270 K, and Mn may 
well also grow in islands on the Cu (111) surface. If the film does grow in islands this may 
well explain the gradual fall in the Mn 2 P3t2 Cr with increasing film thickness, and the 
immediate low Cr in the (111 ) reflection. If this is the case the lack of change in film 
structure may suggest that the islands have still not coalesced at 4.61 ML. 
Annealing of a I ML film to 300 oc produces a diffuse R30°(...J3x...J3) LEED 
pattern which is the result of a surface alloy being formed. The alloy also causes a change 
in the layer spacing for the Cu lattice in the (111) direction over the depth from which 
photoelectrons are detected. Cu and Mn form a random substitutional alloy in the bulk 
phase in which the Mn atoms endeavour to maintain the maximum possible separation 
between each other. There are two stable bulk phases Cu3Mn and CusMn. The change of 
spacing in the (1 11) direction over the depth of the alloy seems to favour diffusion of Mn 
atoms 6 layers into the surface. NIXSW is capable of testing the comparative validity of 
models of the composition of the alloy, but this does not mean that the CusMn 
composition is correct, merely the most likely of the models that have been put forward. 
The Mn atoms would appear to mainly sit in the fee hollows and the whole of the alloy 
appears to have shifted slightly parallel with the (1 l 1) plane. 
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6. Manganese on Copper (111) 
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7.1 Summary 
Thin films of Cobalt, Iron and Manganese have been investigated after deposition 
on an fee Copper (111) crystal by thermal evaporation. 
Cobalt initially registers in fee sites for the first two layers and then grows with a 
mixture of fee twin and hcp sites. With increasing thickness t11e film gradually becomes 
more incoherent and by the time it has reached 20 ML it appears almost completely 
incoherent. This can be perhaps explained by a probabilistic selection of local site 
between fee and hcp in different regions of the swface. Annealing of the tJuck films to 
300 oc considerably improves the order within the film and the causes the film to become 
entirely hcp in nature. 
Iron like Cobalt also seems to maintain a registry in fee sites for the fJist two 
layers. Unlike Cobalt however the island growth of Iron seems to continue to beyond 4-5 
ML, so although the films begin to possess structure that is not fee at around 3 ML, fee 
structure still donlinates up until around 8 ML. Annealing to 200-300 oc again greatly 
improves the order present in the film but the film still retains features that suggest tbat 
film is not entirely bee even after the anneal. When the film does change structure it 
appears that this change occurs throughout the film. Again even for tluck films the film 
does not appear to be entirely bee in nature and even annealing does not cause the film to 
become fully ordered. 
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Manganese has only been investigated by one technique, so the structme of 
deposited films is more difficult to determine. The film appears to grow with a d-spacing 
consistent with an fee Mn (Il I) phase, though the film appears to be considerably 
disordered. The apparent disorder in the film may be due to island growth. Bulk 
Manganese seems to have an ill defrned structure, so the disorder present in evaporated 
films is not surprising. Films of up to 4.61 ML in thickness show no change in structme. 
Annealing a 1 ML Mn film to 300 oc produces a surface alloy, identified by a R30° 
(Y3xY3) LEED pattem, and a change in spacing for t11e d-spac.ing of the Cu lattice in the 
(I ll ) direction over a depth of - 5 ML. This alloy may possibly have a Cu5Mn 
composition. 
The techniques of MEIS and NIXSW have not previously been used to study 
ultrathin metallic films of this kind. NIXSW has generally been used to look at the 
absorption of gas molecules and MEIS has tended to be used for exploring differences in 
struetme between constituent atoms that have a large mass difference. The two 
techniques have been shown within the work carried out within this thesis to be useful 
tools for the study of ultrathin metallic films. 
7.2 Overview 
The systems investigated in this thesis seem to suggest that for thin films a degree 
of pseudomorphic film growth does occur. This is however complicated by the fact that 
all the films show signs of island growth during this initial stage. A certain amount of 
pseudomorphic growth must be expected in the initial stages of a film as it can only 
register in the sites available on the substrate and the question is whether the film 
maintains this registry with the substrate when the film achieves 1 full layer, or when it 
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changes from 2-d to 3-d growtJ1 . The island growth makes any deteimination of where 
the pseudomorphic growth stops and bulk structure begins rather tricky. The coalescence 
of islands in the film would perhaps explain the onset of the transition to the bulk 
structure in the films . Because of the island growth the assignation, or for that matter 
meaning, of a ftlm thickness is very difficult to determine. The use of a technique such as 
AFM would clearly be very useful to supply some idea of the height of islands and the 
percentage of surface that they cover at various stages of the filin deposition . STM has 
also been shown in other studies to be very useful in finding the alignment of islands with 
the major syounetry directions of the substrate. The structure of films can clearly be 
affected by annealing of the deposited films. It is also true that the conditions for the 
deposition of the film can have a considerable affect on the structure obtained so needs to 
be closely monitored. When the ftlm does change to its natural bulk structure the film 
produced is far from perfect and contains a reasonable degree of disorder. This is hardly 
surprising, the growth of single crystals is usually carried out at high temperature where 
the atoms are highly mobile, deposition at room temperature by thermal evaporation is 
not a suitable substitute. 
It is clear tbat investigating the growth of ultrathin films by only one teclm.ique 
can be very precarious, different techniques measure slightly different things so the 
interpretation of data obtained by only one technique may not necessarily be as 
straightforward as it first appears and lead to erroneous conclusions. A multi-technique 
approach using complementary teclmiques, such as carried out in this thesis, appears to 
provide a useful methdology to investigating this type of system. 
It is obvious that to provide films that may have useful technological applications 
a greater degree of certainty about film structure, and a greater degree of confidence in 
providing a film of known structure, is required. The method of film deposition may 
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provide a means of prolonging pseudomorphic film growth. Studies using Pulsed Laser 
Deposition (PLO) have claimed to maintain a pseudomorphic growth for films of both Co 
and Fe on Cu (111) well in excess of that which was achieved in parallel using thennal 
evaporation. This is attributed to being able to deposit films of both Co and Fe in a more 
layer by layer fashion due to the high rate of anival of ablated material at tl1e surface in 
comparison with that achievable by thermal evaporation. Other methods of deposition 
may well provide the oppommjty to achieve a layer by layer growth. Alternately methods 
such as ion assisted deposition may also gjve the deposited material enough energy to 
grow in a layer by layer fashion and prolong the initial growth mode. 
138 
. - - - - - ------- -----1 
Appendix A 
Film Thickness calculations 
The calculation of fi lm thickness is one of the most important factors involved in 
determining the early growth mode of thin fi lms and also one of the parameters likely to 
contain error. The films investigated in this thesis have had their thickness characterised 
by a number of different methods. None of these methods can claim to have an accuracy 
much better than ± l ML under ideal conrutions. These errors are also compounded when 
film growth does not occur in an ideal layer-by-layer mode. Unfortunately in all the 
systems investigated in this thesis layer-by-layer growth does not appear to occur. 
Islanding during initial growth causes several problems, for example in simply describing 
the film thickness, 2 ML thickness does not really suitably describe a surface that has 
islands occupying enough of the surface to give a 2 ML equivalent coverage calibration 
whilst having islands of perhaps 5 ML in height and also areas of exposed substrate. 
Film thickness calculations by AES and XPS 
For a smooth, completely homogenous layer of an element A, of thickness t, 
deposited onto a substrate of element B it is possible to show that: 
I A !loo A = exp { -t/(~ A,A x COSQ>)} 
1 8/foo B = 1 - exp { -tf(~ B,A X COS(j))} 
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Overlayer signal 
Substrate signal 
(l ) 
(2) 
where I A is the signal from A having passed through the overlayer of A, loo A the signal 
from a clean sample of A, I 8 the signal from B having passed through an overlay er of B, 
loo 8 the signal from a clean sample of B, Aoo A,A the attenuation length of the A electrons in 
A, and Aoo B,A is the attenuation length of B electrons in A. <p is the angle of the detector to 
the surface nonnal of the sample. 
The inelastic mean free path (or attenuation length) of the elements A and B at a 
certain energy can be calculated using an empirical "uruversal curve" obtained by Seah 
and Dench [1] from a comprehensive review of experimental measurements with the 
empirical form: 
A.(E) = 538K2 + 0.4l(aE) 112 (3) 
where A.(E) is the mean free path in nwnber of monolayers, E is the electron energy in e V 
with respect to the Fermi level, and a is the thickness of one monolayer in nm given by: 
(4) 
where p is the bulk density, N is Avagadro' s number, n is the no of atoms per molecule 
and A is atomic mass. The number obtained in tllis way is the inelastic mean free path 
(i.m.f.p) rather tl1an fue attenuation length, but since the expression is based on 
experimental results the figure obtained will be more representative of an attenuation 
lengtl1 as theoretical calculations of the i.m.f.p are often considerably larger than those 
seen by experiment. If the attenuation length is almost the same for tl1e substrate and 
overlayer then equations (1) and (2) can be combined to give: 
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(5) 
where t is again the thickness in ML, G is any geometric factor relating to the analyser 
used to collect the signal, and A. is the combined inelastic mean free path. 
For the systems investigated in this thesis the calculated i.m.f.p 's for each element 
are the same to within ± 0.5 ML both at 3 keY excitation energies for AES and at the 
kinetic energies found in XPS of the 2p electrons. 
Film thickness calculations from MEIS 
Film thickness calculations by MEIS are calculated from where a change in film 
structure can be seen. The difference between the energy at thi s point and that of the 
surface is measured and this energy is then converted into a depth as shown by the 
diagram below. 
d 
cos a = dlh1 and cos b = d/h2 (where d is the difference in 
energy between the surface and the change in structure) 
:. Ion Path Length = h1 + h2 = d/cos a + cl/cos b 
Film thickness = Llli/(Stopping Power x Path Length) 
Film thickness = d/(Stopping Power x (111+ b2)) 
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The stopping power for an ion at a particular energy for a particular element 
comes from the TRIM2000 code developed by James Zeigler at IBM 
(http://www.researcb.ibm.com/ionbeams). The fact that the measurement of d is taken 
where a change of film structure has taken place has obvious disadvantages for the study 
of pseudomorph.i c film growth, as the calculation will not take into account any of the 
film that is growing in the same structure as the substrate. 
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Site Determination in NIXSW 
To determine the actual position of atoms on the surface in N1XSW a 
triangulation of atom heights measured relative to different sets of crystal planes is used . 
For an absorbate at height H1 above a set of crystal planes described by a tmit vector 
normal to these planes, a, , and a height H2 above a second set of planes described by a 
unit vector, !h, then the angle between the planes is given by: 
For the { 111 } set of planes the angle between the vector describing the (111) 
plane, a1, and each successive (111) plane, a2, is 70.5°. The height H2 to an absorption 
site on the (111) plane is dependent on the x position along the ( i 1 0) direction and the y 
position along the (i f 2) direction as well as the height above the (111) plane, HI · Vector 
geometry can then be used to calculate the perpendicular distance H2 to the second set of 
planes. 
As shown in equation (2.30) in Chapter 2, the coherent position and coherent 
fraction can be related to the actual position distribution using: 
143 
where the intensity of the standing wave is described at a point z relative to the extended 
bulk scatterer planes and dh is the periodicity of the bulk scatterer planes. This allows a 
graphical representation using an Argand diagram of the relationship between Cp and Cr 
over a real spatial distribution function. Each layer spacing in the spatial distribution is 
represented by a vector, the direction of which is defined by the phase angle 21tizldh 
relative to the positive x-axis, while the probability of this value, f(z), gives the length. 
This is shown in Figure 1 (a) . 
1 l 
(a) (b) 
R R 
Figure 1 Vector representation of Cp and Crfor a single absorption site (a), and for the 
resultant of several sites (b). 
For triangulation experiments as carried out in this thesis it is necessary to 
measure the layer spacing for various adsorption sites relative to a plane that is not 
parallel to the surface. For an fee (111) surface there are three high symmetry sites which 
can be represented on such an Argand diagram, the fee, hcp and atop sites. It is relatively 
easy to calculate the layer spacing of these three sites relative to the ( lll ) reflection (at 
70.5° to the surface). The hcp site sits directly above a second layer atom and the fee site 
sits directly above a third layer atom. This means that atop, hcp and fee sites sit above a 
first, second and third layer atom respectively (Figure 2) . As cos 70.5° = 1/3 it means the 
spacings are as shown in Figure 2 for each site. 
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fee atop hcp 
z(lll) 
Surface 
._ __ . ,._,.... _ _ .._++--+ ---+ plane 
(D(111) + 2z(111))/3 
D(lll)/3 
D(l 1 1) 
70.5° 
(D(l l I ) + z( I ll ) )/3 
(1 1 I ) planes 
( -111) planes 
Figure 2 (2 1 1) sectional diagram of an fee (11 t) crystal Sltrface, showing the relationship 
of ( 111) and (I I I) layer spacings for tbe three high symmetry sites (Woodruff et al, J. 
Phys. Con. Matt. 6 (1994) 10633) 
The three vectors associated with these spacings differ in phase by steps of 2n/3 
so that an equal mix of all three sites leads to a coherent fraction of zero (see Figure 3). 
For an fee Cu (111) surface the layer spacings for tbe ( 111) are simplified in that z = D so 
tbe Cp for the three high symmetry sites are: 
fee (D(l ll ) + 2z(111))/3 = 1.00 (2 .08 A) 
hcp (D(lll) + z(111))/3 = 0.66 (1.37 A) 
atop D(lll)/3 = 0.33 (0 .69 A) 
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atop 
fee 
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Figure 3 EqualJy weighted contributions from the three high symmetry sites on the fee 
(111) surface (a), resulting in a coherent fraction of zero (b). 
In reality of course while the D(lll) for fee and hcp sites will be the same, that for the 
atop site will be slightly larger. These values in NIXSW are relative to the extended bulk 
scatterer planes so any value of nD(111) + z(lll) will be indistinguishable from z(11l ) 
providing that n is an integer. 
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Evaporation Sources 
Evaporators built by Loughborough University, Warwick University and Caburn 
MDC were all based around the same basic design. The material is evaporated by 
electron bombardment from a filament to the end of a wire held at a high voltage. A 
schematic of the evaporator is shown in Figure 1. The wire of material to be evaporated is 
attached to a linear drive and is propelled far enough forward to just emerge from the 
shield around the entrance to the head. Electrons are emitted from the filament by 
thennionic emission and are then attracted to the wire and impact on it with a kinetic 
energy corresponding to the potential difference. To find the correct position the wire is 
wound forward under operating conditions until emission occurs, so that material is 
evaporated from the very end of the wire. The evaporated material then exits the 
evaporator head through a hole which gives some directional control to the evaporated 
material. Typically a voltage of around 2 k V was put on the wire, and a current of 5 A 
through the filament. This gave an emission current of around 3 mA giving a deposition 
rate for Co and Fe of around 0.1 - 0.2 ML min- 1• 
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Figure l. Schematic of head of evaporation tmjt 
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